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Abstract

Due to properties of low-amplitude and non-stationary, most of biomedical
signals are easily influenced by sexamined bersons, measured environment, and
electronic devices. A novel analog'circuit design is proposed in this thesis, which is
suitable for various biomedical s.'rgnal-ac-quisitions.- Iﬂ addition to the consideration of
low power and low noise, the multi-channel mixed-signal front-end integrated circuit
(MSFEIC) is designed. This circuit is realized into a single chip without any external
component. It can not only reduce the number of outer components, but also enhance
a better signal-to-noise ratio enormously. In addition, to select system gain and
bandwidth corresponding to different amplitude and frequency of biomedical signals,
the controllable digital interface is also designed and integrated into MSFEIC.

In this thesis, MSFEIC design is composed of four chopper-stabilized
instrumentation amplifiers (CHS-IA), a switched-capacitor variable gain amplifier
(SC-VGA), a switched-capacitor low-pass filter (SC-LPF), a non-overlapping clock
generator, and a cascaded 2-1-1 tri-level sigma-delta analog-to-digital converter

(MASH 2-1-1 tri-level XA ADC). These circuits have been integrated into a single

v



chip of the total area of 1.9198x1.9198mm” by using TSMC 0.18um CMOS
Mixed-Signal RF General purpose MiM Al 1P6M 1.8&3.3V process. For the
simulation results, the proposed chip can achieve 90 dB of SNR, 16-bit resolution at

1024Hz. The total power consumption is about 998uW under 1.8V supply.

Keyword: Biomedical signal, chopper-stabilized instrumentation amplifier(CHS-I1A),
switched-capacitor low-pass filter (SC-LPF), switched-capacitor variable gain

amplifier (SC-VGA), MASH 2-1-1 tri-level ZA ADC.
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Chapter 1 Introduction

1.1 Background

The medical application of science and microelectronic technology recently has
made significantly advances, thus improving human quality of life. Biomedical
instruments are crucial in modern life. The biomedical signal acquisition instrument has
already developed years ago. However, the amplitude of the biomedical signals is all very
weak. Biomedical signals are very easy to be influenced by testing environment and
biomedical signals of the person who examined. These effects make recording
biomedical signals become more and more difficult. Among them, the interferences of
the testing environment are including the temperature and humidity of the electronic
components, capacity effect of the pads, power Supply variation, electromagnetic wave,
digital noise, etc. The interfetences of - the. biomedical signals are including
electroencephalogram (EEG), electro-oculogram  (EOG), electromyography (EMG),
electrocardiogram (ECG), respiration, “perspiration, etc. Therefore, we should amplify
measured biomedical signals effecti\.lely and restrain- noise by an analog front-end (AFE)
circuit.

By a mixed-signal front-end (MSFE) circuit, the processed biomedical signals input
a digital signal processor (DSP) and analyzed. Amplifying the measured signals and
restraining noise play important parts of the biomedical signal acquisition system. Fig.
1-1 shows the typical setup for an EEG recording system which comprises the
instrumentation amplifier (IA) as analog front-end (AFE), the programmable gain
amplifier (PGA) for boosting the acquired EEG signal to levels for further analog signal
processing [1]. Hence, the specification of analog front-end circuit affects the

performance of the system directly.
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Fig. 1-1 Typical setup for EEG recording

The instrumentation amplifier [2][3][4][5] has already been used in the analog
front-end circuit of the biomedical signals recording system widely. The greatest
advantages are effective restraining noise such factors as the measuring environment,
electrical electrode, etc. and amplifying the weak biomedical signals to observable
signals. Therefore, noise interference .cannot lead to the signals distortion. Since all
biomedical signals are low frequency Signals, and the frequency of the noise is usually
higher than the biomedical signals, the circuitin this study has a low-pass filter after an
instrumentation amplifier. The low;pas_s filter 20¢€s, one step future to get rid of noise
[5]1[6][7] to assure the quality of the signals.

This research is the first stage in the biomedical signal acquisition and analysis
system, so the performance of gain and restraining noise is extremely important. Its result
will influence the efficiency of the whole system. The first generation analog front-end
circuit of the biomedical signal recording system has been developed in our laboratory,
and has already been accepted by 2008 IEEE International Symposium on Circuits and
Systems [8]. This research direction and achievement are received the affirmation by the
international academia. We will be devoted to this future development of the research

base on the research results.



1.2 Motivation

Medical treatment progresses more and more in recent years. Besides improving the
medical technology that has already had, gradually paying attention to the important
representative information of biomedical signals is sent out from our body each position.
Examine and analyze these biomedical signals can go a step future to find out about the
state of the body.

Giving an example of EEG, analyzing the potential signal of human brain is
researched from Berger. Proposed in 1920. EEG is produced by many accumulated
current of nerve cells under cerebral cortex. Through the research of decades, we can
learn the state of mind of the persons who are examined EEG from the measured results
[9][10]. Nevertheless, complicated EEG signals can be few processed to study. Computer
operation is faster and faster in speed and the_ algorithms are progressing excellently in
recent years, so processing measured EEG sigﬂéls is enough for real-time. People pay
attention to the discussion of human spiritual information gradually. The traditional EEG
recording system is shown in Fig.:1-2. This system is c_bmposed of an international 10-20
electrode placement system as Flg sl § biomedical signal amplifier, an
analog-to-digital converter (ADC), and a'computer. Because the instrument of recording
and analyzing is very bulky, it is very inconvenient to use. The difficult problems of
reducing systematic volume and simplifying difficulty use of the system should be

overcome.

Fig. 1-2 Traditional EEG recording system



Fig. 1-3 International 10-20 electrode placement system

Generally, the commonly used biomedical signals of body have the characteristics
illustrated in Fig. 1-4 and Table 1-1, including EEG, EOG, EMG, and ECG. Biomedical
signals are all distributed over ultra-low amplitude and ultra-low frequency, so they are
hard to process. For this reason, how to _r_ec_e_iye_T_a}nd amplify the real biomedical signals
that are not distortion is an important -'is'sue_: in this study Its frequency or amplitude is not
a constant value even if it is the Sar'ne. klnd éﬁ-:ﬁi'(i)fnedical signals. So the signals must

have different bandwidth and different VQ!tage_ gain. | -
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Fig. 1-4 Biomedical signals: amplitude/frequency range
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Table 1-1 The characteristics of biomedical signals

Biomedical signal | Amplitude distribution | Frequency distribution
EEG 1uvV~100pV DC~150Hz

ECG 100pV~10mV 0.01Hz~250Hz

EOG 10pV~10mV DC~100Hz

EMG 10pV~10mV 20Hz~1kHz

Furthermore, the use of very large scale integrated circuits (VLSI) dominates medical
electronics applications, which range from small, battery-powered electronic implants to
room-filling diagnostic imaging systems [11]. As in other VLSI applications, the design
and processing of the technology chosen for medical devices depends on the specific
applications involved. Product complexity, size, sales volume, cost objectives, and
available power source all play significant roles in the specific process [12]. The
fabrication of VLSI may be based on‘the bipolar, CMOS or BiCMOS technologies.
However, portable instruments and‘implantable products, where low power consumption
is a necessity, primarily use CMOS 'devices. CMOS technology has become popular in
the last few years for implementin.g.compl-ex Circuits ahd systems. The integration of the
AFE circuit and other processing units: on._the same chip has brought a new era in
biomedical systems [13][14][15]. The cost of electronic instruments is proportional to
their size, the number of devices and interconnections they contain. VLSI circuits have
done a great deal to reduce size, components, and interconnections, and thus the cost of
the products that contain them.

This study realized an AFE circuit design which is suitable for a portable biomedical
signals recording system [2][16][17][18]. It combines the System-on-Chip (SoC) and
needs no external components. It reduced the area and cost of the circuit effectively, in
order to combine with DSP in the future. This study expanded the applications of the
circuit. In addition, it has joined the digital controlling interface in the circuit. The user
can choose the proper gain and bandwidth according to different characteristics of
biomedical signals. The MSFE circuit can amplify biomedical signals to the range that
can be observed and filter out the noise besides the bandwidth of biomedical signals.
Consequently, the systematic structure could measure many kinds of biomedical signals.

5



1.3 Thesis Organization

The thesis is organized as follows. Chapter 2 describes the development of analog
front end circuit for biomedical signal acquisition. Descriptions of MSFEIC design are in
Chapter 3. Then the circuit performance and testing platform are presented in Chapter 4.
Finally, a summary of this thesis research and future work is briefly concluded by

Chapter 5.



Chapter 2

Architecture Survey

2.1 ACMOS IC for portable EEG acquisition

systems

Rui Martins et al[2]. proposed a CMOS IC for portable EEG acquisition systems in
1998.Besides low power, the key design points are high common mode rejection ratio
(CMRR) and very low noise. Minimum component count is also important to reduce
system weight and volume. The system includes 16 instrumentation amplifiers, one
16-to-1 analog multiplexer, a microprocessoricompatible digital interface, and an internal
current/voltage reference source as shown imthe block diagram of Fig. 2-1.

The basic functional block diagram of current feedback amplifiers is presented in Fig.
2-2. Analyzing the input branch ofthisifigure, we conclude that high input impedance is
guaranteed by two unity gain buffers. Utilizing the current feedback, by the ratio of input

impedance and output impedance to determine voltage gain, and reach high CMRR.
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Fig. 2-1 IC block diagram [2]
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Fig. 2-2 Block diagram of an IA with current feedback [2]

vourt

VREF

Design the concept as the (2-1).

S

Vour = R .(Vl _V2)+Vref
g (2-1)

But it is important to note that, contrary..to the classical configuration with three
operational amplifiers, there is no global feedback (from the output to the input) and that
there is only one high impedance-node, which simplifies the frequency compensation.
Another advantage is the CMRR do not depend-on any matching of resistor values. The
resistor count is also reduced, saviﬁg. chip area. J

They implemented a CMOS variation of [19], as with this configuration only a reduced
number of stacked transistors is necessary (improving dc behavior at low voltage power
supply) and only two transistors at input are needed. Also, as PMOS transistors exhibit

low flicker noise for the same area, we chose them to the input as shown in Fig. 2-3.



M5
M3 j} I :t h" M0
] )
M4 jl Ii': :I': i
Rg Rs
Vi M W Vref
—= g S— |
T ™ :IIJ I_||:M7 Mﬂj
vz
GM Vout
*av )
2 o
EL I it
R Sn

Fig. 2-3 Simplified IA circuit [2]
In order to realize high pass filter function, it was implemented using another
feedback loop around the output circuit, as shown in Fig. 2-4. The complete circuit of the

IA is shown in Fig. 2-5.
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Fig. 2-4 Feedback look realizing the high pass filter function [2]
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Fig. 2-5 Complete-circuit of the 1A [2]
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2.2 A CMOS analog front-end (AFE) IC for portable
EEG/ECG monitoring applications

K. A. Ng and P. K. Chan proposed a CMOS analog front-end (AFE) IC for portable
EEG/ECG monitoring applications in 2005[20]. The proposed AFE system chip is shown
in Fig. 2-6. A promising approach is the differential difference amplifier (DDA) based
non-inverting IA [21][22], which has favorable properties such as simplicity and

acceptable low power dissipation. Fig. 2-7 shows the basic DDA non-inverting amplifier.

Legend
Master Clock o] Clock
Generator MUZX : 8-to-1 Analog mulitplexer
Vin0 RRIA : Rail-to-rail IA
my_ PGA : Programmable gain amplifier
Vinl LPF :Second-order low-pass filter
—» OSA : Output scaling amplifier
\ i
MUX L
RRIA PGA | LPF » Vo
I -
Y \ I
vin7
—
Vref 4
— Digital control interface
cr I F b
DATAIN
CLOCKIN —————————

Fig. 2-6 System block diagram of the proposed AFE IC [20]
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Fig. 2-7 Non-inverting DDA for use an 1A [20]

The input and output relation of non-inverting DDA is defined as (2-2). The major
advantage of the DDA non-inverting amplifier over the typical IA is it requires an active
amplifier and two resistors to set the instrumentation gain. In this DDA-based design, the
CMRR is related to the mismatch of thé input ports. Mismatch between resistors R; and
R; only affects the gain factor, butit does not degrade the CMRR of the amplifier.

Vout = I/ln X & +1
Rl
(2-2)

Fig. 2-8 is a circuit schematic of the PMOS differential-input chopper-stabilized

differential difference amplifier (CHSDDA). It joined a chopper-stabilized skill in the

circuit to reduce flicker noise and DC offset voltage.
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Fig. 2-8 Circuit schematic of the PMOS CHSDDA [20]

A new rail-to-rail input IA is proposed in Fig. 2-9, which shows the filtering circuits
added to the basic chopper-stabilized DDA ‘non=inverting amplifier for suppressing this
input DC offset voltage. In this realization, two CHSDDAs are arranged in parallel
configuration. Input pairs are NMOS 'and PMOS separately, guarantee to normal running
of the circuit in any input common fnode voltage. Tn addition, the circuit added an
external RC band pass filter to eliminate noise ‘outside the frequency bandwidth of
biomedical signals.

OS ip Legend

. CHSDDAL
Vi to X CHSDDA : Chopper stabilized DDA

Denotes external
components

NMOS input
CHSDIAZ

Fig. 2-9 Proposed rail-to-rail 1A [20]
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Fig. 2-10 shows the conceptual circuit block diagram of the chopper-stabilized DDA
circuit. The two pairs of input differential voltage signals are modulated concurrently and
translated to the current signals via the trans-conductance cells having identical

trans-conductance gain of Gm.

Stage A

0.5,

¢‘
5 ®,
— ¢2
V'ZMI’:D“ = Vu :‘D 2 | Vour
¢‘
(b)

(c)

Fig. 2-10 CHSDDA and its associated cloék for the chopping switches [20]

Because the chopper-stabilized circuit utilizes clock to control the switches, it could
produce the high frequency noise. In order to reduce the influence, it must join a low pass
filter used to except the switch noise.

The programmable gain amplifier (PGA) provides further amplification with respect
to the output of the rail-to-rail IA. To prevent the input impedance of the amplifier from
loading the band pass filter output of the rail-to-rail IA, a non-inverting configuration is
used. Note that the first chopper-stabilized stage inside the PGA is derived from the
CHSDDA by just removing one input differential port. By digitally connecting the

resistors via CMOS switches, the amplifier provides programmable voltage gain.
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2.3 Low-power Low-noise 8-channel EEG front-end

ASIC for Ambulatory Acquisition Systems

Refet Firat Yazicioglu et al. proposed low-power low-noise 8-channel EEG front-end
ASIC for ambulatory acquisition systems in 2006 [16]. Fig. 2-11 shows the architecture
of the implemented 8-channel EEG readout front-end ASIC. Each channel of the ASIC
consists of an instrumentation amplifier (IA), a spike filter (SF), a fixed gain stage, a

variable gain amplifier (VGA) stage, and a channel buffer.
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= [ Circuit ]
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| fchop=1kHz Gain =100 Variable Gain Stage | Bias Volfages <X 1 -
e e e (23456789 _ _ 3 x bias buffer

Fig. 2-11 Architecture of the implemented 8-channel EEG front-end ASIC [16]

The IA defines the noise level and CMRR of the channel, and filters the electrode
offset. The second gain stage further amplifies the output of the IA and also serves as a
differential to single-ended converter. The VGA is used to adjust the gain of the channels
for different applications. A multiplexer, time multiplexes the output of each channel.
Moreover, a bias generator and a digital control circuit generate the bias currents and
digital signals for the ASIC, respectively.

Fig. 2-12 shows the implemented current feedback instrumentation amplifier (CFIA)
architecture. The presented CFIA consists of only 4 main parallel branches to minimize
the power dissipation, and the ratio of two resistors defines the gain (R2/R1). On the
other hand, flicker noise and process related mismatches still put a limit on the minimum

achievable power dissipation and CMMR. A commonly used technique to eliminate
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flicker noise and to achieve high CMRR is called chopping [23]. However, conventional
chopping amplifiers are inherently DC coupled devices. Fig. 2-12 shows the architecture
of the implemented AC coupled chopped IA.

,r.ﬂ_\C_ Coupled Chopped IA using CFIA) [ Current Feedback IA (CFIA) |
' feed feed,

b RGC Gasoods
i g

CFIA 3| voutH -
Gain= Ra/R; oo 1

~ |
, i T Eleglrode Offsets :
s L 4§ 15" atdifferent nodes i
172347 Iofihe AC Coupled |
Offset ---?Electrode Offset | __Chopped IA _ |

Fig. 2-12 CFIA architecture‘and the AC coupled chopped IA topology [16]

Fig. 2-13 shows the block diagrain-of the digital control circuit. It generates the
necessary clock signals for the ACI-co-upled choppe_d IA, the spike filter and the output
multiplexer from a single clock input. Additionally, this block generates a sync-signal that
can be used to synchronize the ASIC with an ADC. A non-overlapping clock generator

supplies the chopping signal for the chopping switches of the AC coupled chopped IA.
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Fig. 2-13 Block diagram of the digital control circuit [16]
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Refet Firat Yazicioglu et al. proposed a 60 uW 60 nV/ VHz readout front-end for
portable bio-potential acquisition systems in 2007 [6]. The architecture of the front-end
acquisition system is shown as Fig. 2-14. The readout channel of the system consists of
the AC coupled chopped instrumentation amplifier (ACCIA), a chopping spike filter
(CSF) stage, a digitally programmable gain stage and an output buffer.

DC Level Select BW Select Gain
] nEm

Cexn | I | I-T
| Programmable
! I ‘I'é--l Gain Stage BW Select
Cext L e R
= A= o= = ‘e
. ° /oaa out
vin+ # NG LN
12
vin- ji '
IS éﬂcmﬂ:ﬂécm
E I j|: 22
K o LIL]L] L B
Bi C Rbias
clk l—[ CLK Generator BIOPOTENTIAL las Current AN
ASIC Generator

Fig. 2-14 Architecture of the bio-potential readout front-end for the acquisition of EEG,
ECG, and EMG signals [6]

The concept of the ACCIA is shown in Fig. 2-15. DC input voltage which is the offset
voltage is modulated by the input chopper and copied to the terminals of R;. The voltage
creates a current through R, which is copied to R, and defines the output voltage after
demodulation by the output chopper. A trans-conductance stage GM with
trans-conductance and low pass cut-off frequency f, filters the DC component of the
output and converts it into current. The transfer function of the architecture is as (2-3),

assuming low pass cut-off frequency of the ACCIA f;p;4 is much larger than f.,, and

gmRy>>1.

%

out

R, s+,

V., R s+gmR,(2xf,)

(2-3)
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Fig. 2-15 Concept of the ACCIA [6]

On the other hand, the noise of the IA is bnly modulated by the output chopper.
Therefore, the output noise power spectral density of ACCIA, S4cci4, can be expressed in

terms of the output noise power spectral density of the IA, Si4, as (2-4).

SACC]A(f):(%j i %S]A(f_n chop)

n=—ao

n=odd
= S]A,white (f) (2_4)

If f1p1>>fchop and the flicker noise corner frequency of the current feedback IA is smaller
than fenop/2, Siawnie [23]. As a result, while flicker noise of the current feedback IA is
eliminated by chopping, the electrode offset is filtered by the feedback loop implemented
by GM. Fig. 2-16 shows the implementation of the concept presented Fig. 2-15. This
architecture can eliminate flicker noise, and external circuit reduces the offset voltage is
presented by electrode and IA. The GM is implemented by the OTA,-Cey, filter and the
trans-conductance stage, gm,. This results in an equivalent trans-conductance of 4, gmo,
where A, is the voltage gain of OTA,. By replacing gm of (2-8) with 4,gm, and f, with
gmoran/(A,Cexn), high-pass cut-off frequency of the ACCIA, fupccis, is shown as (2-5).
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Fig. 2-16 ACCIA implemented circuit [6]

OTA; is implemented as a current mirror OTA as Fig. 2-17(a), where is reduced
using a series parallel division of (;urreﬁt .[24].. The gm2 stage is implemented as a basic
differential stage as Fig. 2-17(b), which acts as a voltage to current converter. The
combination of the two feedback loops cancels both different electrode offset (DEO) and
the TA offset.

14/2_55_|:I —

400nAQ

4/250 I
(a) (b)

Fig. 2-17 Schematic of OTA [6]: (a) OTA|-Cexriand OTA,-Cexro implemented circuit (b)
gm; and gm; implemented circuit
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Fig. 2-18 shows the complete schematic of the implemented current feedback IA.
All the current sources are implemented by paralleling the unit cascode current source,
Msni, Msno for NMOS current sources and Msp;, Msp, for PMOS current sources.
Current sources I;; and I, , are implemented by combining a fixed current source and a
regulated cascade current mirror. R2 is implemented with a NMOS transistor so that the
gain of the A can be continuously adjusted. The source follower stages, which consist of

transistors and act as level shifters in order to maximize the input-output voltage swing of
the TA.

12xMsgp; l:v——l-fi 12XM3|}1§ 1.2uAG
i input
12xMspz }: ;‘-’I 12xM sz} stage
: (Fig. 7)
S vin+ o—4
l Veasp
Toias=1.2 ya c. I-E

Veasn ; SXMSNE W,
(1.2v) ol c.asno—l Nhe 4

Fig. 2-18 Schematic of current feedback TA 1s used in ACCIC implementation [6]

Fig. 2-19 shows the implemented chopping spike filter (CSF) stage. Before the
appearance of the chopping spike, output is sampled to the capacitor and during the

presence of a chopping spike, switch S is opened and output is held on the capacitor.
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S vout h h r‘ h
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-« S«
b TOff Ton

—

vin
(from ACCIA)

Fig. 2-19 Schematic of CSF and operation principle [6]
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A continuous-time variable gain amplifier (VGA) stage with digitally controllable
gain is shown as Fig. 2-20. Pseudo-resistors are used in order to set the DC level at the

inverting node of the OTA. The VGA transfer function of the VGA is shown as (2-6).
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Chapter 3
A CMOS Mixed-Signal Front-End IC
for Portable Biopotential Acquisition

System

In this chapter, the critical issues of front-end circuit and complete mixed-signal
front-end integrated circuit (MSFEIC) are presented. Section 3.1 shows the overview of
MSFEIC architecture. Section 3.2 describes the critical issues of front-end circuit.
Section 3.3 presents every stage of MSEEIC. The simulation results and summary are

presented in Section 3.4 and 3.5, respectively:

3.1 System Architecture

This study aims to develop a bandwidth/gain tunable, low noise, low power and
multi-channel mixed-signal front-end integrated circuit (MSFEIC) for patient’s
biomedical signals monitoring. It amplifies the measured signals and filters other noise
and makes these signals become to the meaningful information. Because the biomedical
signals distribute over the very weak amplitude and very low frequency, they must be
processed by MSFEIC before input the digital signal processor (DSP) to analyze.
MSFEIC is divided into four parts, that including instrumentation amplifier (IA), voltage
amplifier, low-pass filter (LPF), and analog-to-digital converter (ADC).

However, the measured node of the biomedical signals is not only one node, so the
MSFEIC is a multi-channel design to cooperate to measure conditions practically. The
structure of the MSFEIC is shown as Fig. 3-1. It is composed of four chopper-stabilized
instrumentation amplifier (CHS-IA), a four-to-one analog multiplexer, a

switched-capacitor variable gain amplifier (SC-VGA), a switched-capacitor low-pass
22



filter ~(SC-LPF), a Multi-stAge-noise-SHaping 2-1-1 tri-level sigma-delta
analog-to-digital converter (MASH 2-1-1 tri-level XA ADC). In addition, MSFEIC

includes a digital controlling interface with a clock generator.

",-.;:hqp ...,S. ,;,1 .ed [ SC - Filter
wper — Stabiliz _,AVA‘_ EA-ADC
Analog‘ 7 = Digital
. A MASH 2-1-Ton ne | D g
input % - MUX ™ VGA > NN - e output
; Control Block
] 1

Masterclock Control signal

Fig. 3-1 The signal flow gragh of MSFEIC

In this structure of MSFEIC, the ﬁrst étage CHS-IA initially amplifies the weak
biomedical signals which are received by electrodes. It defines the noise performance of
the front-end. A standard IA architecture is-the three-opamp IA. However, the CMRR of
the three-opamp IA depends on the matching of the résistors and the need for low output
impedance amplifiers results in excessive power dissipation. Thus, three-opamp IA is
convenient for low-power and low-noise front-ends.

A digitally programmable gain stage with selectable gain is used to adjust the gain of
the readout for different biomedical signals. Conventional gain stages use either capacitor
or resistive feedback topologies, where former has consumes excessive power. In this
work, a switched-capacitor topology for variable gain amplifier is applied to MSFEIC, in
which input signal amplification and output load drive are separated into two different
phases. This SC-VGA technique relaxes the requirement for the bandwidth and the slew
rate of the operational amplifiers employed. Thus, the power consumption can be
reduced.

In the last decade or so many active filters with resistors and capacitors have been
replaced with a special kind of filter called a switched-capacitor filter. The

switched-capacitor filter allows for very sophisticated, accurate, and tuneable analog
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circuits to be manufactured without using resistors. This is useful for several reasons.
Chief among these is that resistors are very noisy, and the circuits can be made to depend
on ratios of capacitor values (which can be set accurately), and not absolute values.
Moreover, it can also perform the operation of an anti-aliasing filter.

In a complete biomedical signal sensor circuit, that must includes a analog-to-digital
(ADC) converter, the incorporation of an analog-to-digital converter (ADC) allows data
communication with digital devices, targeted for ultimate system-on-chip approach, with

the incorporation of a digital signal processor for full function.
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3.2 Design Issues

3.2.1 Device Electronic Noise

Noise limits the minimum signal level that a circuit can process with acceptable
quality. In particular, biomedical signals are very weak and susceptible to noise
interference. Therefore, the input stage of biomedical signals acquisition circuit need to

eliminate 1/f and popcorn noise. First of all, the need to analyze the form of noise.

Analog signals processed by integrated circuits are corrupted by two different type
of noise: device electronic noise and environmental noise. We focus on device electronic

noise here.

(1) Thermal Noise

R

bes
|

v, ideal
ideal

Fig. 3-2 Resistor noise model

Resistance is the most common source of noise, the random motion of electrons in
conductor introduces fluctuations in the voltage measured across the conductor even if
the average current is zero. Thus, the spectrum of thermal noise is proportional to the
absolute temperature. According to Nyquist theorem, the Effective noise power and

one-sided spectral density:
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B, = kTAf =v,2/4R (3-1)

S.(f)=v,2/Af = 4kTR fz=0 (3-2)

where k= 138 x 1072 J/K is the boltzmann constant. Equation (3-2) shows that noise

spectral density is independent of frequency; thus, it is called “white noise”, as shown in

Fig. 3-3.

S, (N4

—>

f

Fig. 3-3 Noise one-sided spectral density

MOS transistors also exhibit thermal noise.-The most significant source is the noise
generated in in the channel. It can”be proved that for long-channel MOS devices
operating in saturation, the channel noise can be modeled by a current source connected

between the drain and source terminals as shown in Fig. 3-4.

—lt F - 4RTV«9R

Fig. 3-4 Thermal noise of a MOSFET
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(2) Flicker Noise (1/1 Noise)

- Polysilicon
s it 8i0y
Dangling 75 ;v & o
Bands —™ Y _ :
Sillcan
Crystal

Fig. 3-5 Dangling bonds at the oxide-silicon interface [25]

The interface between the gate oxide andithe silicon substrate in a MOSFET entails
an interesting phenomenon. Since the silicon crystal-reaches an end at this interface,
many “dangling” bonds appear, giving rise to-extra energy states. As charge carriers move
at the interface , some are randomly trapped and later released by such energy states,
introducing “flicker” noise in the drain current. In addition to trapping, several other
mechanisms are believed to generate flicker noise.

Unlike thermal noise, the average power of flicker noise cannot be predicted easily.
Depending on the “cleanness” of the oxide-silicon interface, flicker noise may assume
considerably different values and as such varies from one CMOS technology to another.

The flicker noise is modeled as a voltage source in series with the gate and given by

— K 1

n T gL T o

where K is a process-dependent constant. As shown in Fig. 3-6, the noise spectral density
is inversely proportional to the frequency.
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Fig. 3-6 Flicker noise spectrum

From the above discussion, in order to quantify the significance of 17f noise with

respect to thermal noise for a given device, we plot both spectral densities on the same
axes (Fig. 3-7), and we can reduce noise “enough” by

1. Using “large” devices and good layout.

2. Trimming (bipolar).

3. Dynamic noise-cancellation (DNC) techniques:

20 10g v, 2 A /offset, drift

_ 1/f noise

1/f corner frequency

white noise
>
log f

Fig. 3-7 Concept of noise

For this design, DNC is a good way to eliminate noise, one for the application of
continuous-time, we use the chopper stabilization technique, because it has excellent long
term stability, and no additional costs for testing.
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3.2.2 Charge Injection

Charge injection occurs by channel charge when MOS switches turn off. From Fig.
3-8 we can see the channel charge flow out from the channel region of the transistor to
the drain and source junctions. The channel charge of a transistor had zero drain-source

voltage is given by (3-4).

Qen = WLEGXVE_I_ = WE‘CG:EE%E -V (3-4)

And we derive voltage error due to charge injection is given by (3-5).

1

Switches connected to analog ground and wvirtual ground will cause signal
-independent error because its turn-on’voltages is' constant. Besides these, switches
connected to the signal will cause signal-dependent error which is changed with signal.
Signal-dependent error is important because it truly affects resolution of the circuit.
Therefore, How to reduce this kind of errors is the critical issue when we design switches

of switched-capacitor circuit.

Vi 9 Yo

N 2 | T
Cov -T- —I—Cm
5 «— Qch —> \ D

Fig. 3-8 Non-ideal effects of MOSFET switch.
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3.2.3 Switch Body Effect

To alleviate the body effect on a CMOS switch, we may permanently connect the
body of the MOSFET to its source. However, this arrangement is not applicable to some
fabrication processes. Alternatively, we use an auxiliary structure as shown in Fig. 3-9.

As the schematic shows, M3 and M4 form the main switch, while M1 and M2 forms
the auxiliary switch. When clk goes low, both M1 and M3 are shut off, and the body of
M3 is tied to the highest voltage in the circuit (i.e., Vdd) through the PMOS transistor M5,
in order to prevent latch-up. When the clock signal clk goes high, both the main and
auxiliary switches are conducting, and the body of the PMOS transistor M3 is connected
to its source rather than to Vdd. As a result, its body-to-source voltage (V'bs) is constantly
set to zero, and the body effect is thus removed. Also, its on-resistance is signifi cantly

lowered [30].

clk
— M
T
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Vin #—r~ —‘ ’;l +— Vaut
| S
clk

Fig. 3-9 CMOS switch configuration.
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3.2.4 Analog Nonlinearities in Cascaded Modulator
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Fig. 3-10 A cascaded fourth-order (2-1-1) modulator general form with analog

nonidealities.
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Fig. 3-10 illusfrates A cascaded fourth-order (2-1-1) modulator with analog
nonidealities. The DAC nonlinearities, edl, ed2, and ed3, are represented as additive
white noises, similar to the quantization error, at the corresponding feedback path of the
modulator. The coefficients, y1, y2, and y3, are referred to as the leakage factors of the
integrators, respectively.

Ideally, the coefficients, y1, y2, and y3, are all equal to unity, and the DAC errors,
edl, ed2, and ed3, are equal to zero. In reality, mismatches in the analog components
make these coefficients vary slightiy from their ideal values, causing circuit non-

linearities. Therefore, efforts need to be made to alleviate these circuit nonlinearities[26].
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3.3 Circuit Design

The structure of MSFEIC is divided into four parts mainly (Fig. 3-11). The first stage
is a chopper-stabilized instrumentation amplifier (CHS-IA), the second stage is a
switched-capacitor variable gain amplifier (SC-VGA), the third stage is a switched-
capacitor low-pass filter (SC-LPF), and the fourth stage is a cascaded fourth-order (2-1-1)
sigma-delta analog-to digital converter (MASH 2-1-1 tri-level XA ADC). In addition, the
circuit has four analog multiplexer to select signal paths and a digital control circuit to

select different mode.
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Fig. 3-11"The structure of MSFEIC
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3.3.1 Chopper-Stabilized Instrumentation Amplifier
(CHS-1A)

Chopper-stabilized
instrumentation amplifier
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Biomedical signals are small-of the order of tens of pV-and reside at low bandwidths
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that make them susceptible to excess noise. The chopper architecture circumvents the
major issues of low power designs by using closed-loop feedback with specific timing
constraints. To illustrate this concept, the proposed signal flow graph for an amplifier
responding to a step is illustrated in Fig. 3-12. Feedback is a well-known technique to
suppress distortion and increase precision in circuits. The implementation of feedback in
this application, however, required a design paradigm. Input and feedback paths around
the amplifier are conveyed as ac signals that were up-modulated to the chopper
modulation frequency. The ac feedback ensures that all signals passing through the

front-end of the amplifier are well above the 1/f corner for the transistors. Using ac

modulation also allows for input and feedback signal chain scaling to be achieved with
low-noise, on-chip capacitors as opposed to resistors that potentially draw excess power

and add noise to the signal chain[27].
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Fig. 3-12 The signal flow gragh of CHS-IA[27]
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The chopper stabilization is an established technique for suppressing device
electronic noises; the noises can be regarded as input refered noise, aggressor. At the
input, a switch modulator translates input signal to the chopper frequency prior to
entering the amplifier; and the chopper frequency must excess noise corner. After
amplification, the signal is translated back to baseband, while shifting the noise up to the
modulation frequency. Finally, the integrator filter out noise and retain the signal. The
gain characteristics of the chopper-stabilized instrumentation amplifier are set by the
input and feedback-switched capacitor networks. The amplifier summing node VA

receives a differential signal input scaled by the capacitor C,, (Fig. 3-13), and the gain

we set in CHS-IA is 26 dB.

S

T < :
_|

Vin . \ Chopper Amp Vout

b
VA !
L / ’
|

i)

Fig. 3-13 The structure of CHS-IA

The structure of CHS-IA is shown as Fig. 3-13, the chopper modulator is composed
of CMOS switch. To alleviate the body effect on a CMOS switch, we use the low body
effect CMOS switch illustrated in section 3.2.3, the chopper amplifier in CHS-IA is a two
stage amplifier with chopping switch[28], which is shown as Fig. 3-14.
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Fig. 3-14 Chopper amplifier (Two stage amplifier with chopper switch)[28]

The two stage amplifier illustrated in Fig. 3-14 is based on a fully differential
folded-cascode p-type two-stage Miller-compensated configuration. with active load
which also allows a large output swing. Since the opamp uses a two-stage structure and a
compensation capacitor, the same switching arrangement cannot be used at the output. In
fact, the compensation capacitance acts like’a memory: element that prohibits the opamp
output to be chopped instantaneously. Instead, the output of the first stage is chopped as
shown in Fig. 3-14 using two sets cascode transistors M51, M52 and M61, M62. Due to
the differential structure, the common-mode output voltage of both stages needs to be
regulated using common-mode feedback (CMFB). In order to avoid this extra CM
amplifier, the CMFB circuit for the first stage has been replaced by the cross-coupled
connection of transistors M31, M32, M41, and M42. For the second stage, a simple
active CMFB circuit, shown in Fig. 3-15, is used. Although the signal characteristics are
purely ac at node VA(input of chopper amplifier), the amplifier must have the proper dc
biasing to ensure the appropriate amplification and demodulation of the signals. Thus, the

pseudoresistor is used.
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Fig. 3-16 Pre-layout simulation of chopper amplifier (Corners: TT, SS, FF, FS, SF
Temperature: 0°C~100°C Power supply: 1.8V+10%)

Gain >73.4 dB
PM > 62.3°
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(2) CHS-1A
Input testing signal

Input signal type: sine wave

Input signal frequency: 1.024 kHz (the max frequency that system to process)
Input signal amplitude: 213 pV

Fig. 3-17 The output of CHS-IA in time-domain (Corners: TT, SS, FF, FS, SF
Temperature: 0°C~10032 1 Power supply: 1.8V£10%)
0 CHS-1A The Mamfreq is 1024 Hz
H H R H T T R H T HEll
| SNDR=i97.D358 dB , ENOB=15.8265 | ¥
| SNR4 107.8755 dB , ENOB= 17.643
RO 104 8968 08, o-17.92
111.3861 4B, ENOB=.18.207, 1L L L b
£ {HD3= 109.277:2 dB , ENOB= 17.86
:
-100 — ------- -------------------------------------------------------------------------
480 R R R R IR RN
10’ 10° 10* 10* 10°

Frequency(Hz)

Fig. 3-18 The output of CHS-IA in frequency-domain (worst case)
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SPEC CHS-1A

Supply Voltage 1.8V
Power Consumption 72.61 uW

Gain 26 dB
Nonlinearity 0.00135%
Sample Rate 65.536 Hz

Bandwidth 2 kHz

3.3.2 Switched-Capacitor Variable Gain Amplifier (SC-VGA)

Switched-capacitor
variable gain amplifier
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The architecture of the switched—caﬁééft‘i!)}rvariable gain amplifier is shown as Fig.

3-19. SC-VGA is the second gain stage besides the CHS-IA. With the measured
environment and signal amplitude at that time, SC-VGA amplifies the biomedical signals
to the range easy to analyze. According to the different amplitudes of the biomedical

signals, we utilized tunable digital interface to choose proper voltage gain.
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Fig. 3-19 The structure of SC-VGA[29]

Conventional gain stage is the use of resistor topology, gain is set by parallel
feedback resistor and input resistor. However, resistance configuration will consume a
large amount of power and generdte_ additional noise. Therefore, capacitor topology
become a better choice, but it’s performance of power consumption is still not suitable for
portable devices. In this design,___ we Luse switche_d—_éapacitor variable gain amplifier
(SC-VGA)[29] to achieve signal amplification, and gain is set by parallel feedback

capacitor Cg, in which input signal amplification and output load drive are separated into

two different phases. This SC-VGA technique relaxes the requirement for the bandwidth
and the slew rate of the operational amplifiers employed. Thus, the power consumption

can be reduced[29]. The circuit configurations of the SC-VGA in sample phase #; and

hold phase @, are shown in Fig. 3-20 and Fig. 3-21, respectively.
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Fig. 3-21 SC-VGA in hold phase
During phase @, as shown in Fig. 3-20, the first op-amp is reset and the input
signal is sampled on C;, At the same time, the second op-amp and compensation
capacitor work together as a hold circuit for previously amplified signal in phase @.
During phase @, as shown in Fig. 3-21, the first and second with C; and C; amplify

the signal sampled on C; previously phase @3[29].
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Next, the power reduction technique will be described, the bandwidth and slew rate

of the hold circuit during @ is given by

g
BWsc. VG4 &g = :,;;.i (3-6)

Iz

FRge- VeAFs = o (3-7)

where g_. is the transconductance of the second op-amp, I, is the current consumed in
the second op-amp, and C; is the load capacitance. Those of the SC-VGA during %4
shown in Fig. 3-21 are given by

g
B m’gsr:'—_mﬂ,mf i :,;;.i (3-8)

i i Iy

SR _ : — =

(3-9)

where § = €/ (Cr+ C5) is the feedback factor, C_ is the compensation capacitor as
shown in Fig. 3-20 and Fig. 3-21, I, is the current consumed in the first op-amp.
Cierr = BCy 1s the effective load capacitance in @y, and €; = is assumed for

simplify the analyses, also, Also, the phase margin of the two stage op-amp is assumed to

be 45% in derivation of (3-8), which is described as

dm1 _ _dmz (3-10)
Ce CE-&f‘f‘

On the other hand, if the SW1 in Fig. 3-19 is always turned on, the bandwidth and
slew rate of SC-VGA in the @ are given by
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' #  Fme )
BW se-veawy ™ F  2nC, (3-11)

' _ B I by )
SR sc-veaswy = c; = (1+8)-Cp +C; = (1+5)-6 (3-12)

and the phase margin of the two stage op-amp is assumed to be 45° in the derivation of

(3-11), which is described as

gmi _ _ dma (3-13)

the SC-VGA with switchl (SW1) improve bandwidth as proportional to 1+ 1/§. When
fg=1and £, «(, Sgﬁ-vmﬁgﬂs-&rf—vm.égﬂ which means the slew rate of the
SC-VGA is limited by (3-7). The slew rate can'be improved as proportional to 1+ §[29].

As a result, the SC-VGA relaxes the requirement for the bandwidth and slew rate.
Therefore, we use a simple structure’to.implement the op-amp of SC-VGA, as shown in
Fig. 3-22.

Vemfb

Vo- vo+

V+o—| |—ov-
Vbiasn o—l

Fig. 3-22 The OPAMP used in SC-VGA
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Pre-layout simulation
(1) Input testing signal:
Input signal type: sine wave
Input signal frequency: 1.024 kHz (the max frequency that system to process)
Input signal amplitude: 4.1 mV
Gain of SC-VGA: 46 dB

15 T o
l;‘;l “-\: : TIEEL PR PP, P .1 1 17 FLTS SR 1 ey SOt 11 = {1 53 LR .2 | ...‘“I[-. ..'-.
] i b I
: ... | S . MM S

Teue (ax) (TIME}

Fig. 3-23 The output of SC-VGA in time-domain (gain=46 dB) (Corners: TT, SS, FF, FS,
SF Temperature: 0°C~1007C _Power supply:1.8V+10%)
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Fig. 3-24 The output of SC-VGA in frequency-domain (gain=46 dB) (worst case)
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(2) Input testing signal:
Input signal type: sine wave
Input signal frequency: 1.024 kHz (the max frequency that system to process)
Input signal amplitude: 8.2 mV
Gain of SC-VGA: 40 dB

1 m m Im
Tate iz (TIME]

Fig. 3-25 The output of SC-VGA in time-domain (gain=40 dB) (Corners: TT, SS, FF, FS,
SF Temperature: 0°C~100°C Power supply: 1.8V£10%)

YGA The Main Fyeq is 1024 Hz
T T T T

B8 2349 dB , ENOB=14 3629

Mormalized Spectrum(dB)

150 | S A i I R A i L iiiil i I T A
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Frequency(Hz)

Fig. 3-26 The output of SC-VGA in frequency-domain (gain=40 dB) (worst case)
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(3) Input testing signal:
Input signal type: sine wave
Input signal frequency: 1.024 kHz (the max frequency that system to process)
Input signal amplitude: 16.4 mV
Gain of SC-VGA: 34 dB

L
T L

Iin Jm dm
Time (in} (TIHE)

Fig. 3-27 The output of SC-VGA in time-domain (gain=34 dB) (Corners: TT, SS, FF, FS,
SF Temperature: 0°C~100°C Power supply: 1.8V£10%)
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Fig. 3-28 The output of SC-VGA in frequency-domain (gain=34 dB) (worst case)
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SPEC SCVGA

Supply Voltage 1.8V
Power Consumption 104 uW
Gain 34~46 dB
Nonlinearity 0.0056%
Sample Rate 65.536 kHz
Bandwidth 2 kHz
Gain Step 6 dB

3.3.3 Switched-Capacitor Low-Pass Filter (SC-LPF)

Switched-capacitor

NCL+
‘ Decimation || B
Filter ot

As the most common approach for realizing accurate and linear analog signal
processing (ASP) in metal-oxide semiconductor (MOS) integrated technologies,
switched-capacitor (SC) circuit techniques have dominated the design of high-quality
monolithic filters since the 1980s. The incomparable technological adaptability shown by
SC circuits has furthermore made them the competent candidate appropriate for a rich
variety of applications. In this design, switched-capacitor low-pass filter (SC-LPF) is
used to realize a low-pass filter and anti-aliasing filter. The structure of SC-LPF can be
divided into two kinds of high-Q and low-Q filter, and that is suitable for application of
high frequency and low frequency separately. Due to the biomedical signals are all low
frequency signals, so we used the low-Q biquad filter to realize the filter.The signal flow

gragh of SC-LPF is shown as Fig. 3-29.
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Fig. 3-29 The signal flow gragh of SC-LPF

The structure of SC-LPF is second-order biquad. As the graph shows, there are three
forward paths and two feedback loops. Utilizing the Mason’s rule, we can obtain the

transferfunction, which is given by

H(Z) — F'om{z} — _{ME_'FME}IE'F{M]_ Mﬁ—Mg_—z Mg}f'f‘ﬁfg 314
The overall dc gain of this filter (z = 1) is thus given by
(Mo -+ Mg I (B Mg —Mo —2 Mg MMy My
H(z SN i Y E e Vi R _
(2)]z=1 (Mg + 1My Mg —DMEg —2)4+1 M (3-15)

From Fig. 3-29, we can obtain the dc signal level at node A as follows:

Valz)|z=1 = [Ml. + (—% M4] ( — == Gl

1—-1—1 o

The question mark in the preceding equation stands for uncertainty, which implies that

the specified transfer function H(z) cannot determine the dc signal level at node A.
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Uncertainty essentially means flexibility, therefore a certain degree of freedom in

choosing the values of A,, M,, and M is obtained, and the nominal dc signal level at

node A can be set at any value regardless of the three capacitance ratios[30].

Next, making use of the flexibility in choosing the values of M,, M, and M, we

obtain the following approximations (assuming ¢, T' << 1):

o My b

M, =
qd Mﬁ

Me = woT' =@M and @ = (3-17)

This indicates that the values of @ T and Q can be determined by M,, Mg, and M,.
That is, M, Mg and A determine the pole positions. By contrast, it can be found that
the other capacitance ratios (M, M,, andM;) are responsible for the zero(s) only[30].

The implementation of SC-LPF is shown as Fig. 3-30, the switched-sharing is used.
Although, switched-sharing can not only reduce the layout area but also save the dynamic

power consumption.
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Fig. 3-30 Low-Q SC-LPF with switched-sharing
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To prevent charge injection illustrated in section 3.2.2, the circuit is controlled by two

phase non-overlapping clock ¢,, ¢, and two delay phases #,,, #,,; mutual matching

of four clocks can effectively reduce the influences of charge injection.

Pre-layout simulation

Input testing signal:
Input signal type: sine wave
Input signal frequency: 1.024 kHz (the max frequency that system to process)
Input signal amplitude: 0.82 V

e - -.I B — |'
il | |;rl'li—?ﬂu‘;4 I | Ilz'r"r\_ |
- iR |4I [Pl L LA r.||‘.

Pacres (i)

Fig. 3-31 The output of SC-LPF in time-domain (Corners: TT, SS, FF, FS, SF
Temperature: 0=C~100=C Power supply: 1.8V£10%)
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Fig. 3-32 The output of SC-LPF in frequency-domain (worst case)

. Supply Voltage 1.8V
Power Consumption 124.48 uW
Gain 0dB
Nonlinearity 0.001405%
Bandwidth Sampling rate/32
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3.3.4 MASH 2-1-1 tri-level XA Modulator

MASH 2-1-1 tri-level
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The growing trend in biomedical signal processing is to shift more signal processing
from the analog to the digital domain. This implies that the analog-to-digital converter
(ADC) is moved toward the front-end system with less analog preprocessing, which
makes the performance requirement more stringeiit.

The target performance of an-ADC has -at least 90-dB signal-to-noise ratio (SNR)
and 100-dB spurious-free dynamic-range I(SF]j.R) with a bandwidth exceeding 1 kHz.
This design presents a 16-b 2 kHZ- -outpu-t;rate ADC, -\-Vhich achieves these performance
and reduces power dissipation. This ADE developinént involves a key design issue. That
is a sigma-delta modulator (SDM) topology feasible at a low oversampling ratio (OSR)
of 32. This is important for integration with the decimation filter. The resulting sampling
clock of 64 kHz makes digital switching noise easier to manage, and a cost-effective
single-chip solution possible. Also, a lower sampling clock will relax speed requirements
in the analog circuits, and hence reduce power dissipation. In this development, an
architectural approach that combines merits of cascaded SDM structures and tri-level
quantization makes all quantization noise sources negligible at 32 OSR. As a result, the
entire noise budget can be given to analog noise sources to reduce analog power
dissipation.

Cascaded SDM structures realize high-order noise shaping by cascading sigma-
delta stages of second order or lower to avoid instability, and are suited for ADCs with
low OSR. A common choice is fourth-order noise shaping implemented as a 2-1-1
cascaded SDM, as shown in Fig. 3-33
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Fig. 3-33 MASH 2-1-1 tri-level £& modulator with noise cancellation logic



In a cascaded structure, the quantization noise of the preceding stage is extracted and
fed to the following stage. As a result, the digital output of the following stage includes
information of quantization noise for both the preceding stage and itself. By
replicating the noise transfer function of the preceding stage in the noise cancellation
logic (NCL), the quantization noise can be cancelled using the digital representation.
Ideally, quantization noise of only the final stage suppressed by the total noise- shaping
order appears at the SDM output, which is usually referred to as theoretical quantization
noise (TQN)[31].

1 1 1
Nron = (1+H)  1+KaH  hoihes 3

(3-18)

where H is the transfer function of integrator, e, is the quantization error of third stage.

The implementation of MASH 2-1-1 tri-level £A modulator is shown as Fig. 3-34

54



> A Modulator

SDM 1% stage

Vref-  Vref+ Vref-  Vref+ I
Pfl ! Ier Pl ! IN“ @ (D]ld d)]Z
2
VONI || —o YI_1
(Dld <1>1 old cn <I>1 o
Q-l Tri—le_vel SR latch —o(f]
. quantizer—| | onnt
®1d VOPT | e Y10
[
Nfl Pfl
®2d
— Iy —
Vr:f Vref+ Vref-  Vref+
SDM 2m stage
Vref- Vref+
f1 T ‘? T Nfl
Cfl
-/ |—
VONI—" <
Vref-  Vref+
PR T TND (I)Tld d}z
VONI 1d o
— - —oPf2
4-' 3| Tri-level SR latch |—o()
uanuzer
Q1d Cf2 IS
vop1e—" o
!
NP2 P2 =
_02d
1l :
Vref- Vref+ - -
o1d e,
VOP1o— |— " d
Cfl
Nfl Pfl
1 &1
Vref- Vref+
SDM 3 stage
Vref- Vreft+
ol T
CfR) I
¢ ®1d
Vref- Vreft I
Pf3 ! TNB s d}m ¢I2
o . / VON3 —o Y3_1
01d Cr3 Q1 - "
<’_l Tri-level SR latch —o(f3
on o1 uantizer l—oNf3
vopse—/ |——/(D ; VOP3 I —o Y3.0
N3 Pf3
®2d
I I
Vref- Vref+
®1d I |
N Cf2)
£ P2
I3
Vref- Vref+

Fig. 3-34 The SC diagram of MASH 2-1-1 tri-level XA modulator
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The fully differential SC increased signal dynamic range (DR), higher immunity to clock
and charge feed-through, and rejection to the common-mode noise. The circuit is

operated with two non-overlapping clock phases, in the phase ¢, the sampling
capacitors are charged, while in the phase ¢, this charge is transferred to the integrating
capacitors. In an SC system, the smallest capacitor usually generates the largest thermal

. . . . . kT
noise. The size of the smallest capacitor needs to be determined according to the —

equation, since the thermal noise injected at the input cannot be shaped. Their sizes need
to be carefully selected to prevent significant SNR loss due to the thermal noise limitation.

The relationship between the modulator's SNR and its input capacitor is given by

SNR = (2-Vrefpp)® G OSR
2o, 4T

(3-19)

where ¥, .

= 18 the peak-to-peak value of the reference voltage V.., C;, is the input

capacitance, k is the Boltzmann's constant (1.381% 1022 Joules/K), T is the

temperatiire in Kelvin[32].

Conventionally, 1-b quantization has been used in the cascaded stages because of its
inherent linearity. In this ADC, a signal-to-quantization-noise ratio (SQNR) substantially
lower than the 90-dB SNR target is required. On the other hand, the use of the multibit
quantizer requires dynamic element matching (DEM) algorithm to solve the nonlinear
problem of multibit digital-to-analog converters (DACs). The DEM circuit usually
consume considerable power and cost additional silicon area. Thus, we use the tri-level
quantizer to meet the requirements. The structures of tri-level quantizer and SR-latch are
shown as Fig. 3-35. Each stage use a tri-level quantizer and two SR-latch to generate the

required output and feedback control signal.
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Fig. 3-35 Tri-levél quantizer and SR-latch (i=1~3)

where Vrl=+Vref/3, Vi0=—Vrafs3, the output and feedback signal of each stage are

constituted by the output of two SR-latch as shown in Fig. 3-36
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Fig. 3-36 The output and feedback control signal (i=1~3) of each stage
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To meet the required DC gain. Thus, usually a two-stage amplifier is needed. Fig.
3-37 shows the used opamp[28]. It is based on a fully differential folded-cascode p-type
two-stage Miller-compensated configuration. The second stage is a common-source

amplifier with active load which also allows a large output swing (-1.77 V~+1.77 V).

Vemfb Vbias Vemfb

I

ST e [

Vo+ Vit Mi M2 V- Vo-
o 5 & K
M6 M7
M10—]| 1= | || M1
I | S 1o ol |
M31 M32 M4l M42

Fig. 3-37 Two stage operational amplifier

The performance of the modulator is greatiy influenced by the accuracy of its integrators,
especially the one at the front input. The integrator's accuracy, defined by its fransient
behavior, is govemed by the slew rate and unity-gain bandwidth of the amplifier. These
two specifications are critical to the design of the modulator. The integrator's output is

arranged to settle to its final value at half (50%) of the on-period of the clock, T_/2. The
difference between the integrator's output at the half of T_/2 and its ideal value is

defined as the integration error, &, which limits the maximum accuracy that the modulator

can achieve[38-39].
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Fig. 3-38 The transient behavior for the modulator[26].

The amplifier’s slew rate can be expressed as

R il

(3-20)
KR

where AV is the maximum output of integrator,—k.. is the integrator’s slewing factor in
percent of T_¢Z, and an equation associated-with the amplifier's unity-gain bandwidth

and its sampling frequency can be obtained as

__ AV | 1 _
fu = —— n () . (3-21)

where f, is the amplifier's unity-gain bandwidth in hertz, kg is the settling factor of

the integrator in percent of T, #Z, and ¢ is the integration error.
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The comparator is appropriate for high-speed and low-power applications, and it

operates as follows. During the reset mode (i.e., g4 is low), the outputs are connected
to VDD through M9 and MI10. When ¢, ; goes high, the comparator enters the

regenerative mode and transistors M3—M8 form a positive feedback loop. As a result, the
input difference voltage is amplified to a full-scale rail-to-rail output. Once the
comparator makes a decision, the crosscoupled transistors M3,4 and M7,8 immediately
shut down all the connections between VDD and VSS, thereby saving power. This process
may be better understood by looking at Fig. 3-39: When in+ is high and in- is low, out-
becomes low and out+ becomes high. As a result, M3 and M8 are on, whereas M4 and

M7 are off and hence the comparator is turned off[33].

VDD
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Fig. 3-39 Comparator[30]
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Pre-layout simulation
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Fig. 3-40 Plot of simulated SNDR versus input level

Input testing signal:
Input signal type: sine wavéf_ }

Input signal frequency: 1.024"'kHz'l (the max frequency that system to process)
Input signal amplitude: 0.82V
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Fig. 3-41 Output PSD of MASH 2-1-1 tri-level XA modulator at 64 kHz sampling rate
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SPEC YA-ADC ‘

Supply Power 1.8V
Power Consumption 271.7 uW
Gain 0dB
Sample Rate 65.536 kHz
Bandwidth 1.024 kHz
SNDR 95.1dB

Resolution 16-bit
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3.3.5 Digital Decimation Filter

Filtering noise which could be aliased back into the baseband is the primary purpose
of the digital filtering stage. Its secondary purpose is to take the data stream that has a
high sample rate and transform it into a 16-bit data stream at a lower sample rate. This
process is known as decimation. Essentially, decimation is both an averaging filter
function and a rate reduction function performed simultaneously. High resolution is
achieved by averaging over 32 data points to interpolate between the coarse quantization
levels of the modulator. The process of averaging is equivalent to lowpass filtering in the
frequency domain. With the high frequency components of the quantization noise
removed, the output sampling rate can be reduced to the Nyquist rate without aliasing
noise into the baseband.

The simplest and most economical filter to reduce the input sampling rate is a
“Comb-Filter”, because such a filter does not tequire a multiplier. A multiplier is not
required because the filter coefficients fare- all. unity. This comb-filter operation is
equivalent to a rectangular window finite impuise response (FIR) filter. By considering

the case when the down-sampling factor can be expressed as

M = M]_ * Mg * Mg (3—22)

and the comb transfer function as

- : -z l'l§= 1
H(z) = ‘:i 11_3-1 )= ll—[i‘;;é‘:l—nn—mllﬁi My=1 (323

1-g i=e

In this design, for M=32 and N=3, we can select

M, = 4,M, =4,M, =2 (3-24)
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Using equation (3-22)~(3-23), we can modified comb filter H_ (z) as
Hy(z) = B (2B (2 HE (21°) (3-25)

where k;is the number of the cascaded filters H;. (H, and H; can be removed to the

lower rate[34]). To improve the magnitude characteristic of the filter we use the cascaded

cosine prefilter[35], [36] and sharpening technique[37] , we can obtain

Hgyccos (2)= Hlkl (Z)Sh{H'_fz (—"4)}5}’{[{3;(3 (116 )}x

8 2 4
H o (27)H g (). (3-26)

: 1 2 (M. -1k /2 :
ShiE (2) )= [#, () B4 D%2 o[, ()]F |

where (3-27)

weselect k, = 4k, =k, = Zan&'nl_'_ﬁ_di}n; = .

Henceos (2) = HE(2)Sh{HZ (z* ISh{HZ (2 )1H o (27 ) HE 15 (2%)

(3-28)

finally, the signal flow gragh of digital decimation filter is shown as

Input
n—!‘ Hl(z) |— 14 —|SH{H: (2)}| — |1+ ) QA+ z7 )} |— 14 —

I—' SHH; (2)}|—>|1+z7)" |—

Fig. 3-42 Signal flow gragh of digital decimation filter
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The corresponding magnitude response for decimation filter with cosin filter, sharpening
technique and without cosin filter, sharpening technique, respectively, shown as Fig. 3-43
(a) and (b).
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Fig. 3-43 magnitude response of decimation filter[40]
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3.3.6 Wide-Swing Constant-Gm Cascode Biasing Circuit

The architecture of the wide-swing constant-Gm cascade biasing circuit is shown as
Fig. 3-44. It can be divided into three parts: The first part is a bias loop which is
composed of high-swing cascode current mirror [41] to provide a stable current source.
On the presupposition of low power consumption, the current mirror used about 1uA to
drive the core circuit. The second part is a cascode bias which utilizes the current mirror
to copy the current of bias loop and utilizes the cascode structure to bias voltage. The
third part is a start-up circuit. Because this structure adopts the wide-swing and
constant-Gm, the biasing circuit must add a start-up circuit to maintain the circuit in a
correct state at any time. The concepts of the start-up circuit are low consumption and no
effects on the biasing circuit. The start-up circuit will revise the voltage in order to
maintain the biasing circuit in a normal operatidnal state following the feedback during

the biasing circuit only when the biasing circuit is operated abnormally.
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Fig. 3-44 The architecture of the biasing circuit.
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Chapter 4
Chip Implementation, Verification and

Test Platform

4.1 Design Flow

While design the suitable MSFEIC for acquiring biomedical signals, we observed the
characteristics of the biomedical signals first, for example, different biomedical signals
have different amplitude and frequency. Then we consulted other structures of the circuit
proposed by other laboratories and the first generation AFEIC design to think that the
drawbacks of design and practical applications. Revise and improve the drawbacks, and
design more complete structure. And then we utilized-HSPICE to design the circuit with
transistor level and simulate thé pre-layout simulation. After MSFEIC passed the
pre-layout simulation, we utilized "Laker tools-to layout the circuits, verified the layout

(Calibre DRC ~ LVS ~ PEX), and simulated the post-layout simulation. We checked the

specification with conformability to improve the practicability of the MSFEIC. After the
chip is manufactured, we will test the characteristic and analyze the different between the

simulation and the result of testing. The design flow is shown as Fig. 4-1
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Fig. 4-1 Design flow
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4.2 Layout Consideration and Implementation

Analog circuits have high processing sensitivity, so we must consider the place when
layout the circuit. The fundamental consideration of analog circuit layout is matching, so
it should add dummy cells to protect the elements in order to reduce errors in the VLSI
process. In the core circuit parts, we used a guard ring to isolate the passive elements and
to avoid the surrounding noise affecting the performance of the core circuit. Therefore,
we used a double-layer guard ring in the layout to isolate the core analog circuit, digital
controlling circuit, and passive elements (resistors and capacitors array).

The unit capacitor is SOfF and is cut the angle of 45 degrees neatly in this design. It is
composed of two metal boards (M5, M6). We utilized the unit capacitor to arrange into a
necessary capacitor array, and added dummy cells, and surrounded a guard ring with six
contacts. The unit high P+ poly resistor with RPO is 5kQ. We utilized the unit resistor to
arrange into a necessary resistor array, and added dummy cells, and surrounded a guard
ring with six contacts. _ \

Fig. 4-2 is the complete MSFEEIC layout containing electrostatic discharge (ESD)
pads. The area of the core circuit i$ 1.9198%1:9198 mm?”. Due to the chip is composed of
analog signals and digital signals circuit, layout needs to pay attention to the following
notices.

(1) In order to avoid noise by the high frequency signals coupling to the analog circuit,
we utilized resistors and capacitors to isolate the analog circuits and digital circuits.

(2) Separate the analog power supply and digital power supply and be distant from each
other. The power supplies are used different pads to connect with outside to increase
PSRR of the analog circuit.

(3) In the sensitive circuit, add one or more guard ring layers to protect the circuit from
noise effects.

(4) If accuracy of resistors or capacitors is expected much, capacitors must use common
centroid layout and resistors must use intersection layout.

(5) The differential input pairs, for example the differential input pair of OP, are possible
symmetry in the layout.

(6) Choose the pads with ESD protection to reduce the effects of latch up.
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(7) Add dummy cells around the passive elements to avoid the imperfect etching.

el S
m*«z%%%m 2

Fig. 4-2 Complete MSFEIC layout.
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4.3 Post-Layout Simulation

System input testing signal:
Input signal type: sine wave

Input signal frequency: 1.024 kHz (the max frequency that system to process)

Input signal amplitude: 213 uV
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Fig. 4-3 output of CHS-IA
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Fig. 4-5 output of SC-VGA for gain=66 dB

71



Facme )
]
g

Tuse () (TIME)

Fig. 4-6 output of SC-VGA for gain=60 dB

| u 0 oo
QuE[15:0] I 0 5 g 0 7 i == z

Fig. 4-8 output of MASH 2-1=1 tri-level ZA-ADC

SDM The Main Freg is 1024 Hz
SNDR= 95.1003dB, ENOB=15505 :

SNR= 95.1003 dB , ENOB= 15.505
SFDR= 97.9821 dB | ENOB=15.9837

Mormalized Spectrum(dB)

9108e:009%
H |

10 10*

D percent=
260 - I I [ {
10

Frequency(Hz)

Fig. 4-9 PSD of system output

72



4.4 Specification Comparison

The specification of MSFEIC design in this thesis is shown as Table 1, Table 2, and
Table 3 summarizes the comparison results among the proposed MSFEIC and the
conventional designs. It can be seen that the proposed MSFEIC offers reasonable low
power, high signal-to-noise ratio(SNR) performance. In terms of area size, the proposed
four-channel MSFEIC is fully implemented with relative small size. Importantly, by
integrating digital interface, the MSFEIC has the selectable system gain and bandwidth.

Table 1 The specification of MSFEIC.

TSMC 0.18um 1P6M
Process Technology

Pre-Simulation Post-Simulation

Supply voltage 1.8V 1.8V

DC Gain (Max.) 72dB _ . _ 71.5dB
CMRR (DC~1 kHz) > 140dB : > 136dB
PSRR+ (DC~1 kHz) >120dB >117dB
PSRR- (DC~1 kHz) >120dB >117dB
Bandwidth Selectable Selectable
Input Resistance 1.000e+20 Q 1.000e+20€Q2
ADC Resolution 16-bit 16-bit
Sampling Rate 65.536 kHz 65.536 kHz

Power consumption

Analog: 787.51uW
Digital: 210.49 uW

Analog: 787.51uW
Digital: 210.49 uW
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spec

Supply voltage

Power

consumption
Gain
nonlinearity
Gain step

Sample Rate

BandWidth

SNDR(dB)

Resolution

CHSIA

1.8V

72.61 uW

26 dB

<0.00135%

65.536 kHz

2 kHz

SCVGA

1.8V

104uW

34~46dB

<0.0056%

6 dB

65.536
kHz

2 kHz

SCLPF

1.8V

124.48uW

0dB

<0.001405%

Sampling rate /
32
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XA-ADC

1.8V

modulator 271.7 uW

decimation 20uW

0dB

65.536 kHz

1.024 kHz

95.1

16bit



Table 2 The comparison MSFEIC (analog) with relevant papers.

Ref [2] The 1%

Ref [1] Ref [3]
Parameter ESSCIRC circuit This Work

TIM 1998 JSSC 2007

2006 ISCAS 2008

2.4um 0. Sum 0.5um 0.35um 0.18um
Technology

CMOS CMOS CMOS CMOS CMOS
Supply Voltage (V) +/-4.5 3 3 +/- 1.5 1.8
No. of Channel 16 8 1 1 4
Core Area (mm*2) 24 12 1.95 0.268 0.406
Mid-Band Gain (dB) Up to 74 66-79 51.82-67.96 | 52.66 - 80.45 | 60-72
Current Consumption

520 92.6 20 47.468 71.6
per Channel (uA)
Power Consumption per

292.5 100 60 - 150.7682 128.95
Channel (uW) - ;
Input Referred Noise

1.39 0.93 <0.7 2.417 <0.06
(uVrms)
Bandwidth (Hz) 0.3-150 Selectable Selectable Selectable Selectable
CMRR (dB) 99 130 > 120 145 136
PSRR+ (dB) 40 @10Hz | N/A 80 @50Hz 131 @50Hz 117 @50Hz
PSRR- (dB) N/A N/A 78 @50Hz 118 @50Hz 117 @50Hz
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Table 3 The comparison XA-ADC with relevant papers.

parameter | IEEE, | ESSCIRC, | ISSCC, ESSCIRC, | ISCAS, | Previous This
2001 2002 [5] 2005 [6] 2006 [7] 2008 generation | work
[4] 8]
topology 2nd 2nd 2nd 2nd 2nd 2nd 4th
Signal type | Audio | ADSL WCDMA | Audio GSM biosignal biosignal
BW (Hz) 8k 300k 1.94M 312k 100k 1.25k 1.024k
OSR 64 96 20 16 128 256 32
SNDR 49.7 82 63 65 85.7 60 95
(dB)
Technology | 0.6, 0.18,1.8 0.09,1.2 | 0.09,0.6 0.18, 0.18,1.5 0.18, 1.8
(um, V) 33 1.8
Size (mm®) | N/A N/A 0.2 2.2 N/A 0.3 0.252
Power 6.996 |9 1.2 7.2 4.2 0.98 0.291
(mW)
FOM 2733 | 1.1 1.17 3.52 0.26 0.96 0.004135
(uW/step)
FOM — Powe’/‘modulator

2ENOB
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4.5 Test Platform Design

The architecture of testing the chip is shown as Fig. 4-10. Its purpose confirms that
whether the chip can operate correctly or not. Test the performances of amplification,
filter, and eliminating noise in the MSFEIC. The equipments of testing the chip include

function generators, an oscilloscope, power supplies, etc. The testing step is as following.

(1) Adjust the power supply to proper voltage supply, and connect to the analog voltage
supply (0/1.8V), digital voltage supply (0/1.8V), and ESD voltage supply (0/1.8V). In
order to avoid 60Hz noise with power supply, we must add a capacitor and a resistor to
filter the noise.

(2) Input the simulated biomedical signal sine wave, which is produced by the function
generator, to the CHS-IA.

(3) Input voltage to digital selected input of the inultiplexer to pass a channel which we
want to analyze. _ ;

(4) Set the sampling frequency of SSC-LPE by the function generator producing a suitable
clock. _ Y.

(5) Input voltage to digital selected input of the decoder to choose appropriate voltage
gain by passing the resistor switch.

(6) Connect the output of SC-VGA to an oscilloscope to observe the output wave of the
MSFEIC.

(7) Outputs of the multiplexer and decoder have pins. If the multiplexer or decoder is
failure, input the signals to the output of the multiplexer or decoder to test other analog
circuits.

(8) Calculate the various specifications utilizing logical analyzer and computer
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Chapter S Conclusions

5.1 Conclusion

The study realized a tunable bandwidth/gain circuit design of multi-channel
biomedical signals acquisition. Focus on low power consumption and low noise. The
MSFEIC is integrated on a chip, that is SoC, and it has advantages of low cost and size. It
is conducive to integrate the embedded biomedical system. The feature of MSFEIC is
that utilized the characteristic of self-circuit to reduce additional circuit design and area.
Multi-channel design shared a SCFLP and a PGA to reduce the area of the circuit,
SCFLP utilized different clock frequency to select different bandwidth of the system, and
SC-VGA utilized different CMOS switches in parallel capacitor to select different gain

ratio.

5.2 Future Work

The thesis has had superiority in the biomedical signals recording system according
to the result of the MSFEIC post-layout simulation. However, the MSFEIC is still worth
improving further in the future. For example, reduce the phase delay in the SC-LPF,
consume lower power, use battery to supply the power of MSFEIC, integrate with digital

signal processing circuit, etc.
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Appendix
A. DRC Verification

Topcell MSFEIC : 145 Results (in 13 of 323 Checks) ]

B & Cell MSFEIC - 148 Results]

B Check OD.C.1 - 25 Results
B check OD.C.Z_0OD.C.5 - 5 Results
B check OD.C.5 - 4 Results
B Check RPO.C.5 - 10 Results
B check RPOL.C.E - 96 Fesults
B check POR.3 - 1 Result

B check M1.R1 - 1 Result

B check MZ.R.1 - 1 Result

B check M3.R1 - 1 Result

H check M4.R1 - 1 Result

B check M5.R1 - 1 Result

B Check _MET.R.1 - 1 Result
B check CTM.R.Z - 1 Result

1+ % % DRC report shésifsn &z # @ OD:S.1 & 0D.C.1 & OD.C.5 & RP0.C. 3
&RPO.C.6 = IOPAD ¢ i CIMR2EE % g5+ &g -m PO.R. 3&MLLR. 1
&M2.R. 1T &MA.R.T &M5.R.1& MOT"R-TE %] 5 i¢ * CIC s-rcell based design

i b ¢ odhcell AR AP o #00 € ¢ 2 poly e & K metal iR H

4L A e
o (]
B. LVS Verification
CURRENT DIEECTORT : Fhome /ELS fLaker
USER NAME . ELS
CALIERE VERSION: w2008, 2 22 20 Wed Jun 18 17:12.36 POT 2008

B2 LYS Results: Designs Maich

< i MSFEIC ¢ MSFEIC
O¥ERALL COMPARISON RESULTS

+|
+|

H
+*
#

#
COREECT # |
#
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C. Tapeout Review Form (for Full-Custom IC)

>

Tapeout review form e0* F & ARRH k"~ HR - B b ~ & h HE 2
tapeout PFE R KA Z T RARALEFR, F AL BRB L PR HF
AP RFEOF Y ok o FI i FREE KGF AT R AL VR ERAL
FEARAEARZIER P AEBAILE L, FF AT RRT P FE
Tapeout Review Form 22 #£ B 7 £, A ¥ it @B % f 2 TRWYPEFTH - 7 2
AERATHE VIR AR -

3% ZA:A CMOS Mixed-Signal Front-End IC for Portable Biopotential
Acquisition System

Top Cell ##i: MSFEIC

WAz &AL TSMC 0. 18 UM CMOS Mixed Signal RF General Purpose MiM Al
1P6M 1. 8&3. 3V k. g J

1 Rt

1-1. 1 iF 7 A& 1.8V
1-2. 1 iF#g &, 65. 536kHz
1-3.  ##F 4. # 1 978ull total:998ulW

1-4. H 7 #* CIC#& &2 ARM CPU IP? N
it % CPU =2 fa%8 = @ ? (ARMTTDMI or ARM926EJ)

1-5. FREBEFHEFTIRIAT 5 - XA GR2-D_v FER1-5-D).

1-5-1. # F 82 % % work & performance # 4F e ¥l i @9

1-5-2. ¥tz w0 cndp 51T i fdig e2?
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(s

2 TR
2-1. = * SS, SF, TT, FS, FF # o 2 |k f6 2. spice model #-$%?

SS, SF, TT, FS, FF

2-2. ¢ WERGETREFH/-10%7 e R T R T2 Y YES
2-3. v T ZRAFRELPE © RIAEE R SRR HERT B

FOAE~90 B)

2-4. 4o ETET F AR R 2 P 4v o~ dummy % & * HAL G

RERE N &
2-5  H#EPFALF 4e ~ 10 PAD ~ Bonding wire g2 4 B RIFERE2L

F P82 YES
2-6  &_F i* LPE % post layout simulation? YES & * eniicdg =

_ Lakeré&Calibre&Hspice

3 Power Line 7 &+ &

3-1. Power Line & # 27 = . >5um

3-2. E ZF % & power line current density? YES

3-3. H. %% & Metal Linez &2 7rE~2%°? YES
4 DRC, LVS

4-1. & % 7 i¥ whole chip #»DRC 2 LVS? YES
4-2. 7 PAD X DRC ergh 32 #b, p 30T B 2 &2 PAD s 32 B AT 5
&7 NO__

R F A @7

4-3. A 1T LVS ez ® PIN %% ~ it ¥ F match? YES % match &k

Flu P9

4-4. ¥ 4 PAD £ PAD A 5.7 3 #% i ~ ‘BB & Tk IR
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% ? YES

5N -RARRTEGH SRR A RETRRFEER)
5-1 b BAEILE - 52 R

5-1-1 OP(Comparator) Input Stage & F $+4? YES

5-1-2 OP(Comparator) Input Stage #_ 7 $+#? YES

o-1-3 PR E % dummy cell $777_ VES

5-1-4 ST FLEHT B B?_VES

5-1-5 HHEE R Fe b AT 735 RALY YES

5-1-6  $HAET % ¥ ma fLE - K2 YES

HE-gTrefi~? 7. 399 um X 7.399  um
ErazEs~?_ 0.05 pF

5-1-7 T E4R* vi= H el v B hlgh poly resistor with RPO

HiFrEi@Esi+? - lk Ohm

h-2-1 &_F # Analog % Digital s power line ~ B ? YES
5-2-2 Analog area #_% * guard ring [ %% YES
5-2-3 Digital area #_ % * guard ring & & ? YES

5-2-4 ¥+t sensitive line #_F # * shield sh#739?

5-2-5 Analog guard ring # shield # 243 3z:&E2 7 =7 VYES
5-2-6 T #-sensitive line & £ @2 & 4 B4R
noise(clock)line?  YES

5-2-T7 TR TR AT Y YES

6 MEMS 3% £ (MEMS %345 8)
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6-1 3t it e i5 Az

6-2 f5 W AR (T BL

6-3 T auH PP LE G IR E 2 £ D £0 R
FEZARKF 2L E28E A3V LK PRy @I 82K
'?__
6-4 A LEF @ AR 2 R

6-6 EFF i fArz WAt (RS ~FER ~E oo ) ?

6-6 =z =

|
f*m
!
~=b
3
s
bt
5
%

E
;ﬁ_&
)
*~D

6-7 Layout iz & design rule e384 £ F § B Bl A b &8 A 2R (T 7
6-8 Layout z. 4 %|3t & 5’;? R BRI

6-9 ~iz5m R # [fl
RF Circuit B b ¥

T-1 TEARFE* a5 507

T-2 WP Akd < 2R kR

-3 WKW (F 7 E - )7

&R AR

...\}

T-4 s S & chipi®z & B block £ F 3§ T M2 £ip
(chip 5 A& & —%’4 ®E, TP AR

57

-5 Wh4i:

(‘3 \
=
=

7-5-1 kS L SRR TR B h - RO
752 RESTRRLILI?

1-5-3 ?

ot
i
%
¥

X E SRR 1

I
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T-5-4 T RE T EFEE @
755  PAD i b R B AL BRlL 2 % B9
T7-5-6 PAD ¥* Bond-wire g 2. ¥ £°?

7-6 DRCERuGAY , VA 8mE 5 HAd £, up

-7 LVWS=mEERY, RERFEH B FRAE S H LT UERIE,

-8 &> ;Y% on wafer, on PCB or in package? I P & BIFFRIZL

LEFELRF R

PAD Replacement # £ (i¢ * TSMC 1/0 PAD &3+ § 2 %)

8-1 M A 3k3+hCell Z4E(cell-name) # & TSMC #74#& %2 i - Pad Cell
cRARR

8-2 # * Create Instance = ;%4c > [/0 Pad > & * Copy & Flatten B3
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Instance 551

8-3 o ICCorekim+47| Pad ¥ £ 5| if 304 » AiE> % E Pad

9. & * ARM926EJ or ARM7TDMI CPU IP
9-1. %7 & * ARMI26EJ /ARMTTDMI CPU IP » 3% i1 ™ 3 & 12 i » ARM
R R ¥ 3 Design ID -

i * 7 CPU #a%F (ARM926EJ or ARMTTDMI) :

¢ * hmetal layers 7k #k:

i & ¢ ARM926EJ /ARMTTDMI Macro =7 cell name:

TB S EF S B3R A (revision, » ij*u{&'a‘w BT AEARE S )7

ERBITRA B & TR B

i3 37 A ihfp F1E_? (W02 & bug)

10_2 7&7\?' j’; —E_ ?.,ﬁ)é'—& ¥ NZ E,I't}_(-lir’ﬂ' laser Cu.t g)y{ % ) YES
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D. Tapeout Review Form (for Cell-Based IC)
Tapeout review form e0* & & ARRH &k~ HR - B b ~ & h HE 2
tapeout PFE § RIPAZ T ERIZFR, A AL RB L PR OIS F
AP RFEOF Y ok o FI i BREE KGF AT R AL VR ERAL
FEARAEARZIER T AEBRAILE L, FF AT RRTPFE
Tapeout Review Form 22 # B 7 #, A ¥ it @B % f 2 TRYPEFTH - 7 2

e “Lr“q‘# DIFERE B o

9. & PR

1-1 %3 # 4 - ACMOS Mixed-Signal Front-End IC for Portable Biopotential

Acquisition System

1-2 Top Cell &4 _MSFEIC
1-3 #&* library &#: S
__ CIC_CBDK90

_ v CIC_CBDK18

CBDK 5 # : CBDK018 TSMC Artisan v2.0

4 % i * Core Cell: v %7 & * Core Cell A415: [hvt [rvt [

lvt
CoreCell 7 # { *xCellname: M) (ZR&RFF » L
$T)
re* 10 v g% J0, #* ;3% &_: [JLinear v Staggered
1-4 &% @ * CIC# &2 Memory? MO % @ * Memory, #. % ¢ i@
spec 4#:

i * Memory 2- fa%f 5 @ ?
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1-5 £ F ¢ * CICH# =2 ARM CPU IP? NO (%% Yes, it 8%

37 )

9

& * CPU 2. fa#g 5 @ ? (ARMTTDMI or ARM926EJ)
1-6 1 fe4g & : 65, 536kHz

1-T # 54 Bcix: 20uF  total:. 998uf

1-8 & ®#af:_ 1919 X 1919

2-1. @ % 2 & XAy ? Synopsys design compiler

2-2.  #_% 4c» boundary condition :
_v__ input drive strength~ v input delay ~ v__ output loading -
output delay
2-3. #_F 4> timing constraint
_v__ specify clock (sequenf—ial -désign) '3
__v_max delay ~ v min delay (combinational design)
2-4. #_F 4r » area constraint ? N
2-5. & =132 report £.F 3 timing violation ?
M) 7 setup time violation~ M) 7 hold time violation

2-6. & {52 verilog £.F 7 7 assign $s it ? NO

2-7. & =152 verilog % 7 3 *cell* z instance name ? N
2-8. & =%f{s2 verilog £F 7 37 F 4 \ 2 instance name # net
name ? NO

9. FRIBHRI(TREEL P E) !

3-1. @ % 2 kg ? DFT compiler

92



3-2. i * 2 ATPG #c %8 ? TetraMAX

3-3. & * Embedded memory ## : SRAM 0 » ROM 0
Memory = -] :
BleE S x 0 BIST vor H B pEES R

% & * BIST, # Test Algorithm % @?

A3 % B memory » #_% = * BIST controller » BIST controller #

e

3-4. Scan Chain Information

Flip-Flop 3 % > @ ? 72

Scan chain e#cg £ 3 %~ % ? b

Scan chain length (Max.) ? 14131. 805

3-5. Uncollapsed fault coverage & &®4ziE 90% ? yes ' A

RS
AN

7 98. 3% -

ATPG pattern e #cp % % > 9 32-

Lt # @ * Synopsys TetraMAX % 272 ATPG pattern - :ji¢ * set faults
-fault_coverage 4p 4 4p T TetraMAX # # fault coverage information
# ® * SynTest TurboScan 2. asicgen % # # ATPG pattern - 34 atpg

pessimistic fault coverage g 5 &

9. ¥ kW B
4-1. gate level simulation #£.% 3 timing violation ?

___F setup time violation~___ 3 hold time violation
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5-1. @ * 2 P&R &% ?  Apolo~ v SOC Encounter
5-2. power ring & A& ?  Sum 2 F e 4 & current
density(1mA/lum) ? yes
5-3. ®#_% % J& output loading ? yes
5-4. E_F 4} Clock Tree? yes
5-5. #_% 4c¢}+ Corner pad ? yes
5-6. 10 Buffer & &_% 4c* 10 Filler: yes [0 Filler % /& :
24 um (FF31 0 F 12um %)
5-7. & % 4ct Core Filler? _ yes
5-8. & %} 4r Bonding Pad ? yes
T (A-1) 5 @ * Apollo 'ﬁ 1 pw ¥
A-1. £ 24 Fill Notch and Gap %55? ?
T (S-1 2 S-2)5 #* SOC Encounter #+ 7 w-¥
S-1. power ring * & F overlap V1as‘? e

S-2. A_F 72 2_10 Row fr Corner ‘Row Z'4p Bt ?

9. F i i3
6-1. &_F #iF post-layout gate-level simulation ? yes

STA(static timing analysis) #c#8 ? neverilog

6-2. #_F #iF post-layout transistor-level simulation ? yes
6-3. THHENTEREKLEER: v SS, v T~ v FF

6-4. o 7 B E R R %é—% FUEERRIEAL NS "'T% FE 0w B AR

o R RAAL FA A R ARG G R Y ’E“»iiﬁﬁi%} £

* R 4T R ﬂﬁia?l SRS ﬂi’ﬂfx'ﬁ*matlab“/»\%‘r,ﬁi%] | NP S
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6-5. HERAFELTTEHALFRFTD yes 7

&
Iz
Soe
Rk
(dm

20 pF (&% % 20pF)

9. DRC/LVS =&
7-1. & F 73 DRC &7 yes 4% R %0 0D.C.10D.C.5RPO.C. 3

RPO.C.6 4+ w i# 5 io pad higss ; CIM.R.2 5 T % B4 ; PO.R. 3

MI.R.1 M2.R.1 M4.R.1 M5.R.1 M6T.R.1 ¥ cnds3% % #ci> T B304 >

g ecell SBAE > > A0 € 5 Pt density R 4R o

Zez# DRC #cdl 2 calibre

2347 wDRCHHE? ML
T-2. EEF LVS&E?T wM -

s LVS #i4 2 calibre
#_ 7% 3 22 CIC #& &< BlackBox ?- yes |
9. MT Form # %
8-1. AzFH _ hftH~ RPEEL BT E(m L
#) ~_ B
8-2. A ZFHE I HFFBPE?
8-3. A TFHEIARE LT
8-4. H_FH_} top cell name ?
9. i * ARM926EJ or ARM7TDMI CPU IP
9-2. %7 & * ARMI26EJ /ARMTTDMI CPU IP - %% i1 ™ 3 & 12 i » ARM
R R ¥ 3 Design ID -

i * 7 CPU #a%F (ARM926EJ or ARMTTDMI) :
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i * ehmetal layers ek #ic:

@ k@ ARM926EJ /ARMTTDMI Macro ¢icell name:

&g ¢ AE G B TR A (revision, # ALY T HEARR L YD 2

EEBITRA W - AT AP P S

i3 3T A e FIE_? (]4ei3 & bug)
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