International Journal for Innovative

€ngineering and Management Research

A Peer Revieved Open Access International Journal
www.ijiemr.org

COPY RIGHT

2018 IJIEMR.Personal use of this material is permitted. Permission from IJIEMR must

be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new
collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted
component of this work in other works. No Reprint should be done to this paper, all copy
right is authenticated to Paper Authors

IJIEMR Transactions, online available on 16™ Mar 2018. Link

:http://www.ijiemr.org/downloads.php?vol=Volume-7&issue=ISSUE-03

Title: LOW POWER CONSUMPTION FOR ECG ACQUISITION SYSTEM WITH 0.3V SUPPLY

Volume 07, Issue 03, Pages: 58-72.
Paper Authors

VASANTH KAMATH V,DR. M. MAHESH

Universal College of Engineering & Technology, Guntur

USE THIS BARCODE TO ACCESS YOUR ONLINE PAPER

To Secure Your Paper As Per UGC Guidelines We Are Providing A Electronic
Bar Code

Vol 07 Issue03, Mar 2018 ISSN 2456 - 5083 www.ijiemr.org



International Journal for Innovative

€ngineering and Management Research

A Peer Revieved Open Access International Journal

www.ijiemr.org

LOW POWER CONSUMPTION FOR ECG ACQUISITION SYSTEM

WITH 0.3V SUPPLY

VASANTH KAMATH V,;,DR. M. MAHESH,
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Abstract: New power-efficient electrocardiogram acquisition system that uses a fully digital
architecture to reduce the power consumption and chip area. The proposed architecture is
compatible with digital CMOS technology and is capable of operating with a low supply voltage
of 0.3 V. In this architecture, no analog block, e.g., low-noise amplifier (LNA), and filters, and
no passive elements, such as ac coupling capacitors, are used. A moving average voltage-to- time
converter is used, which behaves instead of the LNA and anti aliasing filter. A digital feedback
loop is employed to cancel the impact of the dc offset on the circuit, which eliminates the need
for coupling capacitors. The circuit is implemented in 0.13-um CMOS process. The simulation
results show that the front-end circuit consumes 18.4pW of power.

Key words: Anti aliasing, area efficient, digital integrated circuit (IC), electrocardiogram (ECG),
low power, moving average filtering, offset cancellation, sensor interface.

I. INTRODUCTION

BIOMEDICAL devices are becoming more
popular. This is due to the rapid
advancement of integrated
circuit(IC)fabrication. Such devices are
being used as wear able or implantable
gadgets as well as monitoring equipment. In
all these applications, the bio signal is first
preconditioned and converted to digital. A
digital signal processor then processes the
digital data form wunitoring or diagnosis
applications. Biomedical signal acquisition
systems[1]—[S]typically consist of alow
noise amplifier(LNA),a band pass filter, an
analog sample-and-hold, and an analog-to
digital converter( ADC),as shown in Fig.
I(a). While the architecture shown
inFig.1(a)is typically used, in some cases
chopping technique issued to reduce the
impact of the flicker noise, as showing Fig.
1(b)[6]—[8]. With the advancement of

CMOS technology, the supply voltage is
being reduced, which decreases the voltage
head- room for analog block of an IC.
Although the technology scaling leads to
lower power consumption and higher
performance in digital circuits; many
parameters [such as signal-to noise
ratio(SNR),dynamic range, gain, and soon]
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Fig. 1. Biomedical signal acquisition system.
(a)Conventional based. (b) Chopperbased.
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Fig. 2. Mixed signal faadback architactur=[10].

The analog parts of an IC are negatively
impacted. Therefore, it is desirable to find
new architectures, in which more digital
blocks are used. Recently, a few methods,
which are based on digital techniques, are
introduced [9], [10]. The block diagram of
the system designed in [10] is shown in Fig.
2. In this circuit, many of the functions that
are typically implemented by analog blocks
are performed by digital circuits. Using this
digitally enhanced approach can help
increase the flexibility of the system in
removing
Moreover, digital calibration techniques can
be used more easily. Eliminating the
interferences at the input of the system,
before substantial gain is applied, can relax
the dynamic range requirements and

unwanted interferences.

minimize the supply voltage. This can lead
to reduce the overall power consumption
and area; both of which are critical for
implantable and multi electrode systems [9].
This is achieved using mixed signal
feedback and digital blocks [9], [10]. Hence,
it appears that the use of digital techniques
in the implementation of these systems can
lead to a better performance and better
compatibility with digital CMOS
technology.

www.ijiemr.org

TABLE
Power BrEaxoowy sv Brock [10]

” Power

Merged Amplificr-DAC A 3w
Summing Amplifier & DAC || 0660w
ADC 0285 W

Iyigital Filiers 0.1 ¥

Estinrared

Table I shows the power breakdown by
block of the circuit in [10]. As can be seen,
the amplifier; the only analog block that is
used, consumes most of the power. Hence, if
we can replace the amplifier with an
appropriate digital block, the circuit will be
more efficient in terms of power. However,
there are other issues that should be
addressed before moving toward fully
digital implementation. Two of these issues
are as follows.

1) Removing the DC Offset Voltage of
Electrodes without Passive Elements: In
these systems, a dc offset voltage as large as
50 mV is associated with the electrodes.
Typically this offset is removed by ac
coupling the instrumentation amplifier with
the electrode [1]-[3]. This is not very
desirable, since it requires large capacitors.
2)Providing a Solution for Anti aliasing
Filter: Anti aliasing is typically done by
low-pass analog filters [9]. Box car
sampling technique can be a solution for the
fully digital implementation[10]. Motivated
by the above-mentioned issues, we have
designed a new fully digital
electrocardiogram (ECG) signal acquisition
system. The circuit is designed in 0.13-um
CMOS technology and operates by a supply
voltage of 0.3V. Using the proposed
architecture, the area and power
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consumption are reduced. In Section II, the
architecture of the proposed fully digital
front end is introduced. In Section III, the
proposed offset cancellation algorithm is
discussed, and the MATLAB simulation
results are presented. Section IV details the
design of the individual circuit blocks.
Simulation results are provided in SectionV.
Finally, the conclusion is drawn in Section
VIL
IL. PROPOSED FULLYDIGITAL
FRONT-END ARCHITECTURE

Fig. 3(a) shows the block diagram of the
proposed fully digital architecture. In this
structure, the processing of the biosignal is
performed in the time and digital domain.
Hence, the advantages of digital CMOS
technology are utilized. The analog
biosignal coming from the electrode is
directly connected to the front-end circuit
and is converted to time with a voltage-to-
time converter (VTC). From this point on in
the circuit, the signal information is in the
phase of the VTC output signal. The output
of the VTC 1is applied to the time-mode
processing block, in which the antialiasing
and offset cancellation are done in time
domain. Then, a time-to-digital converter
(TDC) transfers the time-mode signal into
digital domain where other processes

(digital filtering, data
compression/reduction, and soon)are
performed.

www.ijiemr.org
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Fig3. (a) Ovearallblockdiagram oftha proposad systam (b) Proposad
digital front-apdarchitactuss.

The proposed digital architecture is shown
in Fig. 3(b). It consists of an active
electrode, two digital-to-current converters
(DCCs), a moving average VTC (MA-
VTC), a control logic block, a counter, and a
demultiplexer. In this architecture, ac
coupling capacitors are removed, and the
impact of the electrode offset on the circuit
is cancelled via a feedback loop. The
technique used for the offset cancellation
will be described in Section III. As
explained earlier (Fig. 1), in conventional
bio signal acquisition systems, an LNA is
used after the electrode. In the proposed
architecture, this block is removed. In the
following text, each of the blocks of the
proposed architecture is explained.

A.Active Electrode

An active electrode is an electrode, in which
some active elements are used to reduce the
power line interference [11]. Fig. 4 shows
two different two-wired active electrodes for
comparison [11]. The circuit in Fig. 4(a)
uses an op-amp, while the one in Fig. 4(b) is
implemented using a single transistor. In
[11], important parameters of such
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electrodes, such as offset, noise, gain, and
output resistance, are compared. It is shown
in [11] that the circuit in Fig. 4(b) has a
superior performance in terms of noise,
common mode rejection ratio (CMRR), and
power consumption compared with the
circuit of Fig. 4(a). However, the offset and
the output resistance are worse. Since, in
ECG applications, the most important
limiting factor is the input noise of the
system, we have used the active electrode
with a single MOS transistor.

B.Voltage to Time Converter(VTC)

In the proposed digital implementation, the
analog input voltage is converted to a
measurable time via a VTC at the first stage.
The signal information is now in the delay
of the clock signal (CLK). The VTC should
be designed in such a way that the small
amplitude of the input voltage generates.

pise VL
/_‘} o
Irof < Iy S

Fig. 4. Active slectrodawith eithar{a) an op-amp or{b) a MOS transister,
both operating as a voltags followar[11].

ty = VT, characteristic

] — — VTC, characteristic

tdll
-

Fie. 5. VTCy and VTCpcharacteristics.
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a large enough delay, linearly. In order to
have time-domain amplification and
acceptable SNR, we have used 15 stages of
positive VITC (VTCp) and 15 stages of
negative VIC (VTCn). The delays versus
input voltage of VTCp and VTCn are shown
in Fig. 5. As the input voltage becomes
larger, the delay of VTCp increases, while
the delay of VTCn decreases. We have used
both the positive and the negative VTCs in
our design to implement a moving average
filter (as will be explained later). The
cascaded stages of VTCs form delay-line
structures. A major advantage of the delay-
line-based structure lies in its all-digital
implementation. In addition, the delay- line
structure introduces time-domain
amplification into the design. In particular,
the input signal can be amplified in the time
domain by simply extending the time
window (using more VTC stages). This is in
contrast to voltage amplification involving
complicated analog amplifiers in the
conventional systems[12].

C. Moving Average Filtering

Since, VICs work with a clock and are
broadband compared with the signal
bandwidth, not using an anti aliasing filter
before VTCs would lead to out-of-band
noise aliasing. To pre-vent aliasing and to
avoid having an analog filter in the design,
wehavedevelopedthestructureshowninFig.6f
orconverting the voltage-to-time as well as
anti aliasing filtering. In this structure, a
chain of 15 positive VTCs are followed by
another chain of 15 negative VCTs. This
configuration generates a since function and
is behaving similar to an anti aliasing filter.
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Fig. 7. Delays of VT Cp and VTCi blocks for two differant inputs.

In another word, the moving average filter is
merged with VTCs, and hence we call this
block MA-VTC. Therefore, the anti aliasing
filtering is being done without using any
passive component or analog amplifier. In
[9], anti aliasing filtering is done by large-
area and power  hungry  analog
implementation. The moving average
feature of the MA-VTC can be explained
intuitively as the following. The CLK signal
travels through the chain of VTCs. When
CLK is passing through the first stage, the
delay proportional to Vin should be
generated. However, this delay maybe
shortened/lengthened by the noise. This
small variation of the delay happens in all
the stages. At the output of the last stage,
the overall delay is the sum of the delays of

www.ijiemr.org

the individual VCTs. As a result, the high-
frequency noise, that has caused the delay
variations, is cancelled out by the sum
operation. This noise cancellation is more
effective when the averaging happens during
the whole clock period. To achieve this, a
negative VTC block succeeds the positive
VTC block. This can be explained by Fig. 7.
If the input 1s small, V1, VTCp block will
generate a small delay, tdplin Fig. 7 (e.g.,
20% of Tclk), and VTCn block will produce
a large delay, tdnlin Fig. 7 (e.g., 80% of
Tclk). The sum of these delays is constant
and equal to Tclk. As Vin increases (e.g.,
V2) tdp rises and tdn decreases (e.g.,
tdp2is 80% of Tclk and tdn2is 20% of
Tclk). In this case, the sum of the tdp and
tdn is still Tclk. This is valid for any other
input amplitude. Having tdp and tdn, Vin
can be recovered based one quations
presented in Section II- Dof this paper.
According to the above explanation, the
output of MA-VTC is the average of Vin
over a period of CLK signal. Actually, the
proposed circuit integrates signal in a time
window Tclk. Each VTC in the chain
integrates the signal over a limited time
period which depends on the delay of that
VTC. For example, the first VTC integrates
the signal from the rising edge of the clock
to the time equal to the delay of this VTC.
The second VTC integrates the signal from
the rising edge of the output of the first
VTC over a time period determined by its
delay. This happens for all the VTCs in the
chain. The sum of these integration periods
is equal to the clock period. Hence, the
integration over this time window can be
represented by
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In this way, the moving average filtenng is embedded i the
MA-VTC, preventing aliasing of the wideband noise.

D. Clock Freguency and SignglRecovery

VICyand VIC,blocks are designed in such a way that the
absolute slopes of thewr charactenstic curves (Fig. 3) are equal
Hence, for any mput voltage, wecan wite

Lt il Constart. 4
The delay time tdp (or tdn) of a VTC gate is
supposed to be a linear function of its input
voltage and is given by
Lgp=aVinp+f1 (3)
Lg=—0Vina+ (&)

Where Vi,, and Vi, are the input voltage
during the time interval that the clock
pulse passes through VTC, and VTC,,
respectively. In addition, @ and B, are
constants. The clock period, T.k, must be
chosen such that for the maximum
variation of the input 74,is not zero and is
always measurable. Therefore, the clock
period should be slightly more than #.
Hence

Tew=top+tan=0a(Vinp—Vinn) +B1+Ba.

The outputs of the digital front end are #,p
and t4,. These delays are converted to two
digital numbers (Dp and Dy) by two

www.ijiemr.org

TDCs. The digital number corresponding
to the input voltage, Dj,, can be obtained
from

- D Dg:-Dm
20, 1D,

Diy (2)
where Da, DP1, and D2 are digital
numbers of o, f1,and B2, respectively.

III. PROPOSED OFFSET
CANCELLATION TECHNIQUE
The ECG signal acquisition system
shouldbe capable of rejecting the dc
polarization voltage of the bio potential
electrodes, appearing as a dc offset at the
input. This requires a high-pass filter
(HPF) with a cutoff frequency <1 Hz. This
filter requires large capacitors and on-chip
implementation of such a filter is not
efficient in terms of area. In the proposed
architecture, a new offset cancellation
technique issued ,in which offset

cancellation is done in two stages.

S 4321012 3 4 5:-\'...““1'-"#
Fig. 8. Characteristic ofthe VT Cpin the25-mV ranga.
First, the impact of the offset on the VTCs

are eliminated, such that none of the VTCs
are saturated. This is achieved by a digital

;ﬁedback loop and allows the circuit to take
t

e value of the offset to the digital output.
In the second stage, the offset can be
removed in the digital domain. In our
design, we have assumed an offset voltage
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of 50 mV. As will become clear later, the
proposed system can be easily redesigned to
accept even larger offsets.

A. Algorithm

Large amounts of electrode offset make the
MA-VTC circuit nonlinear and saturated, to
avoid this; we designed MA-VTC circuit,
such that it is linear for twice the maximum
ECG signal amplitude. The impact of the
offset 1is cancelled by the following
algorithm. Fig. 8 shows the characteristic of
VTCp. The VTC is linear in the range of 5
to 5 mV. This linear region is divided into
two regions of R2 and R3. R2 is related to
the region for which tdmh<td<tdmax or
tdmin<td<tdml. Similarly, R3 shows the
region for which tdml<td<tdmh. Besides R2
and R3 regions, R1 represents regions, in
which the input is out of predefined linear
range, 5 mV, of the VTC (i.e., the delay is
more than tdmax or less than tdmin).
Assuming that the maximum amplitude of
the input signal is 2.5 mV, the delay goes in
the R1 region if the value of the offset
exceeds 2.5 mV. In this case, due to the
offset, the circuit behaves nonlinear and may
be saturated. When the input falls in the R1
region, offset cancellation block
distinguishes this by comparing tdwith
tdmax/tdmin, and reduces the offset, such
that the circuit goes back
inR3.TheDCCblock[Fig.3(b)]is in the
charge of this shift of the operation region.
With reducing the Offset and putting the
circuit in the R3 region, the operation
remains linear. The R2 region is considered
in order to add a hysteresis to the system so
that the offset cancellation block does not
activate very frequently.This algorithm is

www.ijiemr.org

first simulated with MATLAB to verify its
functionality (circuit-level simulation results
are reported in Section IV). In MATLAB the
delay is compared with td max and td min. If
the offset is detected, a voltage is added to
or subtracted from the input. At the end, a
residual offset of <5 mV may remain, which
is tolerable for the circuit. Fig. 9(a) shows
the simulation result for a sinusoidal input
voltage with 2-mV amplitude and 100-Hz
frequency superimposed on a 0.3 Hz, 50-mV
sine wave (as an offset voltage).A scan be
seen, the output is remained in the +5-mV
range.

Fig. 9. (2) Input and output of tha digital front and with offset cancallation.
(b) Filter output.

B.Architecture

The block diagram of the proposed offset
cancellation technique is shown in Fig. 10. It
contains two 5-bit DCCs, control logic
circuit, 5-bit counter, and 5-32
demultiplexer (Demux). Since the offset
voltage changes very slowly, the frequency
of the clock signal used for the counter
(Clkc)is 10 times less than the clock of
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the rest of the circuit. In this structure, the
output delay of the VTCp block, tdp, is
compared with tdmax and tdmin in the
control logic block by a time comparator
(TC) to determine the operation region of
the VTCp(i.e., R1, R2, or R3). If the delay is
more (less) than tdmax(tdmin), the DOWN
(UP) signal will be set by the control logic
block. The output of the counter changes
accordingly and is applied to the Demux,
which controls the DCC. The DCC
generates a current proportional to its digital
input and decreases/increases the input
voltage of the VTCp and VTCn, (each LSB
of the DCC corresponds to 3.125 mV and
this is the voltage that is added to/subtracted
from the input in each step). This process
will continue until the circuit goes into the
R3 region. In this case, the offset value is on
the tolerable range of the circuit, (5 mV).
Then, offset can be eliminated in digital
domain with a simple and low-cost digital
HPF with a frequency response of

1
H(I)? T 9)

The pole of this filter is Z¥/1 uo). The
distanceof the pole from zero (Z 1)
determines the sharpness of the filter near
zero frequency. The smaller the coefficient,
Lo, the higher the quality factor of the filter
and the lower the filter attenuation at
nonzero frequencies. To implement this
filter,onlyasimpleaccumulatorandacoefficien
tup<0is
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Fig 11. VTC circuit. () Controllad by 2 phIQS transistor usadin VICy

blocks. () Controlled by 2 phI0S transistorused in VT Cy blocks.
Necessary, which can simply be considered
as a negative power of two. Thus, this factor
can be implemented only by a shift to the
right. We applied the recovered output of the
front end tothefilterandFig.9(b)shows the
output of this filter.The above-mentioned
algorithm has the advantage of can- ceiling
the impact of process variations. Process
variations can shift the delay to region R1.
The digital feedback loop brings back the
delay to region R3 and the impact of the
process variations is cancelled.
IV.CIRCUITDESIGN
The proposed fully digital front end is
implemented in the 0.13-um CMOS
technology to evaluate its performance. The
supply voltage is 0.3V, and the circuits are
designed to operate in the sub threshold
region to reduce the power consumption.
Each block of the system and its design
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challenges is discussed in the following
sections.

A. V¢ Circuit

Fig. 11 shows the circuits of the VTCs
used in VTCp And VTCn blocks (each
block contains 15 stages of these Cells). It
consists of a current-starved (CS) inverter
and an inverting Schmitt trigger. As can be
seen in this figure, the input voltages, Vinp
and Vinn, control the current passing
through transistor M1 and change the
rise/fall delay of the CS inverter. The
Schmitt trigger circuit at the output of the
CS inverter issued to sharpen the
rising/falling edge of the clock at

10 v T v T s

Simulated (ta,)
== = Fitted Line (15,,=10(176V . +8.2))
OSSP rrriicecsnninareraderesidoeinane Simulated (t,)
~—O— Fitted Line (t4,=107%-176V,,,+8.5))

i

\'in (n‘\‘)

Fig. 12. Delay of the voltass to time converter from simulationandthe line
fittad to the simulationdata for VTCpand VT Cn circuits.

err (%)
53

1y (us)

Fig. 13. Error curvefor VIC p and VICy .
the output. This helps reduce the jitter and
power consumption in the succeeding
stages.Fig. 12 shows the characteristic
curve of the VTCn and VTCp at the typical

www.ijiemr.org

process corner (TT). The clock frequency in
this simulation is 57.8 kHz. As can be seen,
the delay Changes almost linearly with the
input voltage of the VTC. The dashed line in
this figure shows the line fitted to the
simulation data. The two equations
representing the dashed lines are as follows:
= 1079(+176Vp+8.2) (10)
fan= 1078176V +8.5). (11}

The error between(10) and(11) and the
curves obtained from simulations are shown
in Fig. 13. For the VTCp, the error is
between —0.36% and +0.27% and for the
VTCn the error is between —0.44% and
+0.27% at TT. Table II Shows this error at
different process corners. When the input
voltage varies from Sto 5 mV, the
delay changes by

1.76 us, hence, VICp and VTCn have
again of 176and176us/V, respectively.
The maximum power consumption at the
frequency of 57.8 kHz is 78.26 nW for
VTCp and 56.92 nW for VTCn.

TABELE I
Exgor BETWEEN SIMULATION AND FITTED LINE FOR
WVTCs AT DiFrerenT Process CoORNERS

Corner || Ervors for V107, Errors for VTC,
v 0.45%-0.28% 04800326
sF 0.39%5-0.35 004150247
bk (03805 -0, 26¢% 0200 -0 194
s 01,4465 0,285 03T5%-0.09%

B.Mathematical Modeling of the VTC
In this section, we provide an analytical
delay model for the VTC circuit in sub
threshold region. Referring to Fig. 11, the
delay of the VTC (td) can be composed of
two components, one for the CS inverter
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(td1) and one for the Schmitt trigger circuit
(tsch)

Vo i tirt (12)

For the sake of simplicity, we assume tsch is
constant. The Schmitt trigger is designed to
have the minimum possible delay. Hence,
the assumption does not cause a noticeable
error, as will become clear shortly. In order
to have a better controllability, the size of
transistor M2 should be much bigger than
that of M1. In such an arrangement, the
current is controlled by M1. In order to find
a relationship between Vinp (or Vinn) and
the delay of the circuit (td1), we should
calculate the current passing through
transistor M1. Once this current is known,
one can find the output voltage. Here, the
calculations will be done for the circuit of
Fig. 11(a) when the clock signal changes
from high to low. The drain current of M1 in
the subthreshold region can be calculated
from[13]

I W
I =Ipexp P00 Vay il I%ﬁ' 1-exp- I’%.{lﬁ)

In (13), Fis the thermal voltage and » is the subthreshold
slope factor. Moreover, we ignore the temm (1 exp(
Vem)/VrH) (since this term is close to 1). The output voltage

(V1) can be foundfiom
di{pl}) - E
Cae = Voo — Vi — |15
G e 2 lm Vgl
- I}%z
_fDD"Folp (1)
1
where Cprepresents the overall capacitance at node V.
Solving the above differential equation wath the mutial
condition Fypp= Pt (Ve 15 upper switching voltage of the
Schmutt trigger) at { = iz resultsto
W
¥
o0 Vi P -

- lwp

tq1p=

www.ijiemr.org

To compute the delay of the CS inverter, we
should find Vm+. We assume node Out pis
high, which turns OFF transistor M8 and
series connection of M4 and M5 can be
considered as a single transistor with a
length of L4+ LS. The Vm+ is the input to
the Schmitt trigger at which the current  of
M6(16) starts to become larger than the
current passing through the equivalent
transistor of M4 and M5 (I j ). The gate—
source voltage of M6 depends on Vx, which
can be calculated by setting the current of
MO equal to the current of M7. Doing so
would lead to Vx= VDD/2. Now, Vm+ can
be found from
TonTaTay T per

= leex
[ P DL

L By
P Von/2-Vay - _am'};.__..-r}_qzﬂ

Texp 1
A S
(16)
In(16), the last term iz ignored. This leads to
L A £
Vo= Voot o ™ 5 Ui B D
Now, by substituting (17) m (13), the delay time of the
Cs im'en‘.g ca;lhgggmgg
R 1 1 - pLL
_ SO - S |
) St s s
-Vt P&R I;'\.]\:B
“exp alr exp alir . (18)
Therefore
ot
. _ inp
talp =k eXp \Wm (1%
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Using the Maclaur inexpansion for
exponential term sin(19) and ignoring the
second and higher order terms (since the
amplitude of the ECG signal, and
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consequently the input voltage of the CS
inverter, is very low), one can find the
following equation forth delay of the VTC:

14T ke )

then - T — an

e @2

PR [ o PR .y N, [

S L
These equations can be used for recovery of
the signal, as  explainedinSectionll-
D.Fig.14plotsthecharacteristiccurve of the
VTCp and VTCn. In this figure, the
simulated data is compared with the
analytical model as well as the fitted line.
The error between the analytical model and
the simulations at TT corner are shown in
Fig. 15. Table III represents this error at
different process corners. As can be seen,

the maximum error 1s0.48%.
10

== = Fitted Line
Simulation
Q8F - lodiinndiidiiiig ] ssesece Analytical model

Via (mV)

Fig. 14. Delay of the delayelemant from simulation and analvtical modsl and
smpirical modsl, for VTC p and VT Cicircuits.
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14 L] L&} 9 958 "
14 (us)

Fig 13, Error betwsentha simmlations andtha analytical moda] for VICy
and VICy.
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M Vo
alpyue Vg bed v
My

Fig. 16. Schematic of thePSRR anhancament ciccuit,

C.PSRR Enhancement Circuit

In order to improve the power supply
rejection ratio (PSRR) of the VTCpcircuit,
we have used the circuit shown in Fig. 16.
Block In the VTCpcircuit, power supply
noise leads to change in Vsgl. Hence, the
current of M1 would vary, which leads to
change the delay of the system and reduces
the PSRR of the front end. To overcome this
problem, we have wused the PSRR
enhancement circuit. In this circuit, current
variations of transistor M1 due to supply
noise is compensated with transistor.
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D.DCC:s Circuit

In the fully digital ECG front-end
architecture of Fig. 3(b) two DCC blocks are
used. These blocks are in charge of
generating a current that depends on the 32-
bit digital number (SWO to SW31) at the
output of the Demux. The DCC circuit is
shown in Fig. 17, in which the lower circuit
generates the gate voltages required for the
reference current generator in the upper
circuit. The currents produced by transistors
MOpto M32pand MOn to M32npass through
transistors Mpand Mnto generate the two
voltages Vinp and Vinn. These voltages are
then applied to the VTCp and VTCn blocks.
The transistors of the DCC are sized so that
Vinp and Vinn are changed in a way that the
impact of the offset at the input of the active
electrode as well as that of the VTC and
DCC blocks are cancelled. To better
understand the behavior of the DCC, assume
that the offset at the input increases
(decreases) leading to a rise (fall) in Vinp
and Vinn. As a result, the delay of the
VTCpblock increases (decreases) and that
the VTCn decreases (increases). This delay
variation is sensed by the TCs in the control

www.ijiemr.org

block and a new control bit is generated by
the counter and Demux. Consequently, one
of the current controlling transistors(M1pto
M32pfor the DCCp and M1nto M32nfor the
DCCn) are turned ON and Vinp and Vinn
are reduced by 3.125 mV. This procedure is
repeated until the operation of the VTC
blocks goes back to region R3 in Fig.8.

E. Control Logic

The control logic diagram is shown in Fig.
18. It is composed of TCs, AND and OR
gates, and set-reset (SR) latches. As
explained in Section III-A, for detecting the
offset, the control logic should compare tdp
with four predefined delays (tdmax, tdmin,
tdml, and tdmh). Note that in an analog front
end, for detecting the offset voltage, an
analog voltage comparator should be used.
In our design, the offset is detected by TCs,
which are implemented by D flip-flops and
are more power and area efficient compared
with the analog voltage comparators. The
outputs of the control logic circuit are the
UP and DOWN signals, which control the
up/down counter in the offset cancellation
block. The counter in our design is
implemented by NAND gates and jkflip-
flops.

V.SIMULATIONRESULT

The proposed architecture is implemented in
0.13-um CMOS technology. Fig. 19 shows
the frequency response of the front end. The
dots in this figure represent the simulation
results, and the solid line shows an ideal sinc
function. As can be seen, the frequency
response of the front end closely resembles
the sinc function with fs57.8 kHz.To show
the behavior of the offset cancellation block
a 1 kHz 2-mV sinusoid voltage
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superimposed on a 5 Hz 50-mV sin wave is
applied to the input. The input and the
recovered output voltages are shown in Fig.
20. As can be seen, at point A (Vin 5.5
mV), the delay of the VTCpis 8.8641 us, g
which indicates the operation region of
the VTC is in R1 region (refer to Fig. 8). T h
The offset cancellation mechanism has
brought back the operation region to R3.
The circuit operates in region R3and moves
to region R2as the offset of the input _ _
increases. When the input offset voltage 5 I |
reaches 11 mV, the offset cancellation 1
circuit detects this shift and cancels the v e e e s s 1

Vin(myl
’g;‘

| Vouilml
LRy
1\

impact of the input offset(pointB).After

. . . Fig 21. Racord numbar 101 of tha MIT-BIHdawbasa. {a) Original signal.
recovery, the whole signal is present in the (b) Recovarsd signal
output digital signal and digital filtering
should be done finally. In order to check the

performance of the front end an ECG

TAELE IV
SUMMARY OF SIMULATED SYSTEM CHARACTERISTICS

Parameter Values
signal from the MIT-BIH arrhythmia Technology 0.13um
database (record 101) [14] is applied to the Supply voltage 0.3V
system. Fig. 21shows the original (Vin) and TN [ R

the recovered signals (Vout). As can be
seen, at the beginning, the offset
cancellation circuit is acting and setting the Vo Vo

Fig. 21. Jitter noise powaer spactral dansity,

output of the DCCs and after this transition. My
[ i Dl "
= o —D DJ— ® T =y
- l::v 2 —:D_ =@_ ‘I\u.‘"{
= 7 [ ® OpE j
= S Active
o | E>—— s | o™ Electrade
"_ QIND)_ m = : Hlu(ht,_ »
o | ‘ =D Sam O Fig 23. Modified structurs of DCC p .
‘_—‘> "»“'.7._. .I‘uh6
B VO Bk a o T = o Time the output signal is reliable. The
oo overall performance parameters of the front
1l “\. end are shown in Table IV. The VTC gain is
1 AR Hf defined as the ratio delay variation at the
Hm . output of the VTC blocks and the input

voltage range. In order to explore the noise

Fig. 19. MA-VTC filter result. . .
= ; ; performance of the front end, the jitter is
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obtained at the output of the front end. The
noise power spectral density is shown in Fig.
22 and a jitter noise of 5 ns and SNR of 42
dB are obtained. Depending upon the
required resolution this amount of noise may
be large. Since there is a tradeoff between
power and noise, in order to reduce the noise
more power should be burnt. Using the
proposed PSRR enhancement circuit in this
paper leads to the PSRR of 67.7 dB. The
power consumption of the overall front end
is 18.4pW and is noticeably less than other
mixed-signal ECG front-end circuits. This
can be considered as one of the main
advantages of the proposed fully digital
architecture.

VI.CONCLUSION

In the expectation of the future dominance
of digital CMOS technology, we have
implemented a fully digital front-end
architecture for an ECG acquisition system.
In this system, passive elements, LNA, and
analog filters are not used. The proposed
digital architecture is compact and power
efficient compared with the other analog
implementations of these systems. A new
offset cancellation technique is used, which
reduces the 50-mV offset voltage to <5
mV and makes it tolerable for the system.
A moving average mechanism embedded
into the VTC of the front end eliminates the
need for anti aliasing filter. The proposed
architecture is simulated in0.13-um CMOS
technology at 0.3 V supply voltage. The
simulated power consumption is 18.4pW.
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