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Abstract
The level crossing ADC generates digitized samples consisting of the magnitude of input signal and time interval between two
consecutive level crossings when the input signal crosses the threshold level. This paper presents a new architecture of low power
asynchronous adaptive threshold level crossing (LC) ADC suitable for wearable ECG sensors based on a novel algorithm for
determining adaptive threshold. The adaptive threshold was determined by calculating the mean of maximum and minimum
values of signal in a predetermined window. Polynomial interpolation was used to reconstruct the signal. A signal to noise
distortion ratio of 57.50 dB and a mean square error (MSE) measure of 1.368*10−8 V2 was achieved by the proposed algorithm
for a 1 mV, 10 Hz input sinusoidal signal in MATLAB. The asynchronous adaptive threshold LC ADC operating from a supply
voltage of 0.8 V occupied a layout area of 266.33*331.385 μm2 when implemented in CADENCE virtuoso using 180 nm
technology. The designed circuit consumes an average power of 367.6 nW for a 1mVpp, 10 Hz input sinusoidal signal when
simulated in Virtuoso.

Keywords Asynchronous . Adaptive . LC . Level crossing . ADC . Analog to digital converter . ECG . Electrocardiogram .
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Introduction

The advent of personalization of medical treatment has
brought wearable technology to forefront. Personalized and
customized forms of medicine administration will become
more effective with the help of wearable sensors. This will
reduce the risk and also reduce the treatment cost for individ-
ual patients. Wearable sensors require their batteries to have a
longer battery life and smaller area for the convenience of the
customer.

The ECG acquisition module in the wearable ECG sensor
acquires the signal and passes it to the proposed LCADC after
amplification and filtering. The block diagram of the wearable
ECG sensor is shown in Fig. 1. Lower power consumption,
lower supply voltage and smaller size are the desirable qual-
ities in ADCs to be used in wearable ECG sensors. The con-
ventional wearable ECG sensors use power hungry synchro-
nous uniform sampling ADCs. These ADCs transmit more
samples which burden the transmission system. Signal com-
pression stages can be added to the sensor to reduce the num-
ber of samples. But this results in increased power consump-
tion and area. LC ADC described in this paper is a promising
alternative to the synchronous ADC for a sparse signal in time
domain like ECG in terms of power, samples and area [1]. In
level crossing sampling shown in Fig. 2, samples are generat-
ed only when the input signal crosses the threshold level. The
threshold level can be a fixed threshold [2–5] or adaptive
threshold level [6–8]. The magnitude of the input signal and
the time between the consecutive level crossings are quantized
and encoded in uniform steps using the up or down counter [9]
and time to digital converter. Digitized codes from the up/
down counter give the direction of level crossing and ampli-
tude information. Timer gives the time elapsed since the
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previous sample. This information can be synchronized to
reconstruct the sample [4, 9, 10]. For a LC ADC, the threshold
levels need to be optimally placed in the dynamic range of the
input signal to prevent information loss. If more threshold
levels are used, more samples than necessary will be generated
[11]. So the optimal placement of threshold levels is of major
concern in the design of LC ADCs. This explains the rele-
vance of adaptive determining of the thresholds in LC ADCs.

The digitized codes can be transmitted to the external hard-
ware wirelessly where the ECG signal is reconstructed. Heart
rate and heart rhythm abnormalities (arrhythmia’s) can be ob-
tained from the reconstructed ECG signal using different clas-
sificationmethods, cited in previous literature, such as wavelet
transform [12], autoregressive modelling [13], radial basis
function (RBF) neural networks [14] and nonlinear principal
component analysis neural networks [15].

This paper implements a low power asynchronous adap-
tive threshold level crossing ADC based on a novel thresh-
old determining algorithm suitable for a wearable ECG
sensor. Adaptive threshold of the LC ADC is obtained by
calculating mean of the maximum and minimum of the
input signal in a predetermined window. The proposed al-
gorithm is implemented using a main comparator operating
at an average sampling rate of Fs Hz and a threshold de-
termining circui try using 180 nm technology in
CADENCE virtuoso. The designed LC ADC is termed
asynchronous because it employs irregular sampling and
do not use a global clock. Since the sampling is nonuni-
form, the sampling frequency is variable and dependent on
number of quantization levels and input signal amplitude
variations. The LC ADC generates samples whenever the
input signal crosses the adaptively determined threshold
from the input signal and these time instants must be re-
corded. If implemented in a clock less fashion, EMI can be
further reduced. The digitised code from the ADC can be
transmitted to an external module which is not analysed in
this paper. Assuming an error free transmission, the non-
uniform sample sequence is transformed to uniform sample
sequence by estimating the values between data points
using polynomial interpolation for signal reconstruction
and interpolation in MATLAB. The case studies of heart
rate and heart rhythm abnormality detection was performed
using the proposed asynchronous adaptive threshold LC
ADC to prove the functionality of the design.

Fig. 1 Block diagram of the wearable ECG sensor

Fig. 2 Level crossing sampling
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This paper is organized as follows. Section 2 surveys
the previous literature on asynchronous LC ADCs.
Section 3 contains the algorithm for asynchronous adap-
tive threshold LC ADC. Section 4 gives circuit

implementation. Section 5 explains feature extraction
and diagnosis of abnormality from ECG. Section 6 gives
the results and discussion. Finally, conclusion and future
work is given in Section 7.

Fig. 3 General LC ADC
architecture using feedback DAC

Fig. 4 General architecture of a
LC ADC with FLASH ADC like
architecture
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Previous literature

LC ADC architectures in previous literature can be gen-
erally classified into two types: LC ADC using feedback
DAC [1, 8, 9, 16, 17] and LC ADC with FLASH ADC
like architecture [2, 5, 7, 11]. A general architecture of LC
ADC using feedback DAC is shown in Fig. 3. They usu-
ally consist of feedback DAC, comparators, counter and
timer as shown in the Fig. 3. The feedback loop with the
DAC keeps the comparison window of the comparators
around the input signal. The power consumption of DAC
and comparator dominates the overall power consump-
tion. The benefits of the DAC are rail to rail input swing,
decreased settling time, decreased leakage and decreased
output drift. The general architecture of a LC ADC with
FLASH ADC like architecture is shown in Fig. 4. The
comparators shown in the circuit compares the input sig-
nal with the corresponding threshold levels generated by

resistive or capacitive circuit [2, 5] or by sequential algo-
rithmic circuitry [7, 11]. The power consumption of such
an analog circuitry is dominated by the number of com-
parators and the resistor strings or capacitor arrays. The
number of the comparators used is determined by the
number of threshold levels used. This directly determines
the minimum voltage difference the ADC can detect. The
absence of the feedback loop gives more stability to the
FLASH type LC ADC.

Algorithm for asynchronous adaptive
threshold LC ADC

This paper presents the algorithmic implementation of a LC
ADC which can be implemented with a main comparator of
average sampling frequency Fs. The main comparator com-
pares the input with threshold levels updated every v seconds.
When the input signal crosses the threshold level, digital codes
and times tamps are respectively generated by the up/down
counter and timer in the digital circuitry. The conceptual de-
sign diagram of the proposed asynchronous adaptive thresh-
old LC ADC is illustrated in Fig. 5.

For an initially assumed update interval of v seconds,
the input signal xt of length T seconds is resampled to x˜t
at a sampling frequency of Fs Hz, where ts = 1/Fs seconds
and ts < <v. The design requires the input signal to be seen
by the threshold determining circuitry beforehand. This is
achieved by introducing a delay of v seconds before the
input signal is given to the main comparator. The thresh-
old is determined by calculating mean of the maximum
and minimum of the input signal in an interval of v sec-
onds between every threshold updates. The ADC com-
pares the input signal with the threshold Ln every ts sec-
onds where Ln belongs to the set {L1,L2,.. . LT/v}. A level
crossing is detected by the circuitry if the following

Fig. 5 Conceptual design diagram of the proposed asynchronous adaptive threshold LC ADC

Table 1 Algorithm

Algorithm 1: Threshold determining algorithm for level crossing ADC

Step 1.1:Initialize the update interval for determining the threshold of LC
ADC, v; initialize N = T/v for an input signal of length T seconds;

Step 1.2:Resample the input signal xt to x˜t at Fs Hz, ts = 1/Fs seconds;
initialize m = v/ts;

Step 1.3:For n = 1:N do
For i = (n-1)m + 1:nm do
select the threshold Ln such that

Ln ¼ maximum x˜t ið Þð Þ þminimum x˜t ið Þð Þð Þ=2; (4)

End for;
Step 1.4:Use the selected threshold to sample x˜t in the interval
[(n-1)m + 1,nm] and obtain the sample set {Q(si),λi};
Step 1.5:Use the sample set {Q(si), λi} to obtain the reconstructed signal

using polynomial interpolation;
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comparison holds true.

X m−1ð Þts−Ln

� �
Xmts−Lnð Þ < 0 ð1Þ

If this condition is satisfied, a level crossing (si) is
detected in the interval ((m-1)ts, mts). The quantized val-
ue of the time interval (Q(si)) and the amplitude of the

level crossing (λi) are recorded to give the sample set
{Q(si),λi}, as given in Eqs. (2) and (3)

Q sið Þ ¼ m−1ð Þts þ ts=2 ð2Þ

λi ¼ Ln ð3Þ

Fig. 6 Proposed LC ADC
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Above Eqs. (1), (2) and (3) holds true for every general LC
ADC. The proposed algorithm aims at adaptively determining
the threshold set Ln. The algorithm used for implementation of
the proposed ADC is presented in Algorithm 1 as shown in
Table 1. The sample set {Q(si), λi} is used to obtain the re-
constructed signal using polynomial interpolation.

Circuit implementation

The circuit implementation of the asynchronous adaptive
threshold LC ADC consists of a main comparator, a threshold
generating circuitry, an up or down signal generating circuitry,
a counter and a timer. The structure of the proposed LC ADC

Fig. 7 Example waveforms and
clocks for the circuitry

Fig. 8 Three stage continuous
time input comparator
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is shown in Fig. 6. The input signal is given to the threshold
generating circuitry which obtains the threshold by calculating
the mean from the maximum and minimum of input signal for
every v seconds. The generated threshold is compared with
the delayed input signal in the main comparator to give change
signal. The change signal gives the instants at which the input
signal xt crosses the threshold set Ln. The up/down digital
logic generates the up or down signal to determine the varying
directions of the input signal. The change signal is given as the
clock for the up/ down counter and timer.

Fig. 9 Multiplexer

Table 2 Design parameters of the three stage continuous time input
comparator

W/L ratio

M1 10/2.5

M2,M3 10/0.4

M4-M11 2/0.4

Vbias 0.6 V

Supply voltage 0.8 V
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Example waveforms and clocks for the circuitry are shown
in Fig. 7. In Fig. 7, for an input signal xt to the system, a
threshold set Ln is generated by the threshold generating cir-
cuitry. During the update interval of v seconds, 2 multiplexers
namely mux1 and mux3 and a comparator com1 are used to
find the maximum value of the input signal. For the update
interval of v seconds, com1 compares the input signal with the

output of the mux1 which is the maximum value from the
previous comparison. When input signal is greater than the
maximum value from the previous comparison, comparator
gives high or low output. When clock c2 is high, mux3 for-
wards the output from the comparator to the mux1 which act
as its select input. Themux1 forwards either the input signal or
the maximum value from the previous comparison whichever

Fig. 10 Normal ECG signal

Fig. 11 SNDR for 0.1 mVand
1 mV input signals as a function
of input frequency ranging from
0.01 Hz to 300 Hz
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is greater. When clock c2 is low at the end of the update
interval, mux3 output retains the maximum value from the
previous comparison. Similarly, Multiplexers namely mux4
and mux6 and a comparator com2 are used to find the mini-
mum value of the input signal in the update interval of v
seconds. When c3 is high at the end of the update interval,
the switch c3 closes and forwards the maximum andminimum
values in the update interval to mux2 and mux5 respectively.
When c3 is low, the mux2 andmux5 retains the maximum and
the minimum values from the previous update interval and the
retained values are averaged to yield the threshold for the
input signal.

Since threshold is from the previous update interval, the
input signal needs to be synchronized with the threshold gen-
erated. So the input signal is delayed using ideal delay block in
CADENCE analog library for simulation. The delay block
was set to a sum of v seconds and an average delay caused
by the threshold generating circuitry measured by simulation.
Implementing the analog delay block in hardware can be quite
challenging which is not within the scope of this paper. A
wound coaxial wire can be used to implement the analog

delay. But the wound coaxial wire occupies a large area. A
CMOS bucket brigade device [21] with an analog integrated
circuit can be used to implement the analog delay. A circular
buffer [22] with lower resolution ADC and DAC can be also
used to implement the required delay.

The delayed input signal is compared with the generated
threshold using main comparator to give the change output.
The change signal gives the instants at which the input signal
xt crosses the threshold set Ln. An edge triggered T flip-flop is
used to generate the up/down signal using the clock c1. The up/
down signal shows the varying direction of input signals. The
change signal is given to the up/down counter. The up/down
counter generates digital code representing amplitude informa-
tion using the change signal. The timer gives time stamp infor-
mation from the change signal. The conversions in the LC
ADC architecture are driven by change signal and up/down
signal which are derived from the input variations. Since the
conversions are not triggered by any global clock, electromag-
netic interference in the circuit is reduced drastically.

A three stage continuous time comparator with a PMOS
input pair is used in this LC ADC as the main comparator and

Fig. 13 SNDR as a function of
the sampling rate for 20 Hz and
90 Hz sinusoidal input signal

Fig. 12 SNDR for 50 Hz and
100 Hz input signals as a function
of input amplitude ranging from
0.05 mV to 3 mV
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in threshold generating circuitry. The circuit diagram of the
three stage continuous time input comparator is shown in
Fig. 8. All the MOSFETs in the three stage comparator are
designed to operate in subthreshold region to lower the power
consumption. TheW/L ratios of the designed three stage com-
parator are shown in Table 2.

The multiplexer in LC ADC uses switches realized by
NMOS and PMOS transistors connected in parallel as shown
in Fig. 9. Small size transistors are chosen for the multiplexer

to reduce the charge injection and clock feedthrough. Charge
injection occurs when the transistor is turned off and channel
charge is dispersed to the source and drain. The source which
acts as the sampling capacitor experiences an error in the sam-
pled voltage. The coupling due to gate source overlap capac-
itance also contributes to the total error voltage known as
clock feedthrough. The switches in the threshold generating
circuits are implemented using MOSFETS which are also
made small. The averaging circuit is implemented using a

Fig. 15 FFT of the measured
ADC Output

Fig. 14 Mean square error (MSE)
as a function of the sampling rate
for 20 Hz and 90 Hz sinusoidal
input signals
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passive circuitry of 2 equal 1 K resistors. The LC ADC was
implemented in CADENCE using 180 nm technology exclud-
ing the edge triggered T flip-flop, up/down counter and timer
which were designed in MATLAB.

Feature extraction and diagnosis
of abnormality from ECG

Electrocardiogram (ECG) is the recording of electrical activity
of the heart. It is in the frequency range of 0.01 Hz to 300 Hz
and the amplitude range of 0.05 mV to 3 mV. The wavelet
transform based on daubechies wavelet (db4) [18] is used in
this paper for feature extraction and detection of abnormalities
in ECG. The reconstructed signal is decomposed into 4 levels

using daubechies wavelet (db4). The features of ECG signal
shown in Fig. 10 such as P wave, Q wave, R wave, S wave, J
point, T wave, TON and TOFF are extracted from the
decomposed ECG signal. The QRS complex of frequency
10 Hz and amplitude 1 mV constitutes the dominant wave
of ECG signal. The RR interval is determined from the ECG
signal to calculate the heart rate as given in Eq. 4.

Heart rate ¼ 60=RR interval in seconds ð4Þ

When the heart rate is between 60 beats per minute (bpm) and
120 bpm, heart rate is normal. When the heart rate is lower than
60 bpm, arrhythmia bradycardia is diagnosed.When the heart rate
is greater than 120 bpm, arrhythmia tachycardia is diagnosed.

Fig. 17 Input ECG Signal

Fig. 16 SNDR of the LC ADC
for a 50 Hz noise signal with
varying amplitudes ranging from
0.1 μV to 0.7 μV
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Fig. 19 Comparison between the number of samples generated by LC ADC and uniform sampling system

Fig. 18 Reconstructed ECG signal
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Results and discussion

The proposed LC ADC was implemented in MATLAB algo-
rithmically. Figure 11 shows the SNDR of the ADC for
0.1 mVand 1 mV sinusoidal input signal as a function of input
frequencies ranging from 0.01 to 300 Hz. The ADC algorithm
was implemented in MATLAB to work at an update interval
ranging from 0.4 ms to 0.05 ms and input sampling frequency
of 200 KHz. The signal was reconstructed using 1024 points
by polynomial interpolation. The order of the polynomial in-
terpolation was varied from 3rd to 6th to find the best SNDR.
The SNDR ranges from 105.5 dB to 52.2 dB as shown in
Fig. 11. The SNDR of the proposed ADC decreases as the
input frequency increases due to slope overload distortion.
As the input frequency increases, the rapid change of input
signal cannot be properly reconstructed by the designed LC
ADC due to slope overload distortion. This is unlike the alias
free LC ADCs [8, 19] whose SNDR increases as the input
frequency increases. Figure 12 shows the SNDR for 50 Hz
and 100 Hz input sinusoidal signals as a function of the input
amplitude ranging from 0.05mV to 3 mVat an update interval
of 0.1 ms and input sampling frequency of 200 KHz. The
Fig. 12 shows that the SNDR do not vary significantly with
the amplitude. A plot of the measured SNDR of the LC ADC

as a function of the sampling frequency for 20 Hz and 90 Hz,
0.1 mV input sinusoidal signal at an update interval of 0.1 ms
is given in Fig. 13. The decrease in the SNDR at some sam-
pling frequencies lower than nyquist frequency as shown in
Fig. 13 is due to the occurrence of aliasing and harmonic
distortion. The mean square error of the LC ADC is calculated
from the square of difference between original signal and re-
constructed signal. The mean square error as a function of the
sampling rate at 90 Hz and 20 Hz for 0.1 mV input sinusoidal
signal at an update interval of 0.1 ms is shown in Fig. 14. The
signal is reconstructed using a third order polynomial interpo-
lator for plotting Figs. 12, 13 and 14. The FFT of the ADC
running at an update interval of 2 ms and a sampling frequen-
cy of 10 KHz for 10 Hz, 1 mV sinusoidal input signal recon-
structed using 1024 points by third order polynomial interpo-
lation is shown in Fig. 15. A SNDR of 57.50 dB, effective
number of bits(ENOB) of 9 bits and a mean square error
(MSE) measure of 1.368*10−8 V2 was achieved by the pro-
posed algorithm for 1 mV amplitude, 10 Hz input signal in
MATLAB.

The SNDR of the LC ADC when implemented can be
limited by the noise in the ECG signal. Mostly the sources
of noise are power line interference, electrode contact noise,
baseline drift and motion artifacts. The noise in the ECG

Fig. 20 The power consumption of LCADC for different input amplitudes ranging from 0.2Vpp to 2mVpp at frequencies ranging from 10Hz to 500 Hz
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signal can be reduced using filtering. The peak SNDR of the
LC ADC can also be limited by the analog circuitry
imperfectations below to that predicted by MATLAB simula-
tions. The presence of spurious signals in generated threshold,
imperfect comparator operations, flicker noise and thermal
noise can also introduce errors.

The peak SNDR in the MATLAB simulations can be
achieved by keeping the noise introduced by analog circuitry
much less than the total allowable noise. The total allowable
noise, Ntot of the LC ADC can be calculated using

Arms ¼ AP=2√2 ð5Þ

SNDR ¼ 20log10 Arms=Ntotð Þ ð6Þ

Where Ap is chosen as 1 mV which is the amplitude of the
dominant wave QRS complex. Arms is calculated to be around
3.5355*10−4 V. To achieve the SNDR around 56 dB for a
10 Hz input ECG signal, Ntot should not exceed 0.472 μV.
Figure 16 gives the SNDR of the LC ADC simulated with

50 Hz noise signal with varying amplitude added to the
1 mV, 10 Hz sinusoidal input in MATLAB. The LC ADC is
made to run at an update interval of 2 ms and a sampling
frequency of 10 KHz.

The quantization error in a sample arises from either the
uncertainty in the quantization levels or the finite resolution in
time [1]. The quantization error due to the uncertainty in de-
termining the quantization levels is reduced by the adaptive
determining of the threshold in the proposed technique. The
RMS quantization error due to time uncertainty for a sinusoi-
dal signal of given amplitude is proportional to the inverse of
clock oversampling ratio, i.e., the ratio of the timer frequency
to the input signal frequency.

The record a01 from the Apnea-ECG database in physionet
for 10 s shown in Fig. 17 is used as input signal to LC ADC.
The LC ADC operates at a sampling frequency of 10 KHz
with an update interval of 2 ms. The reconstructed input ECG
signal from LCADC using polynomial interpolation is shown
in Fig. 18. LCADC is considered as a promising alternative to
the uniform sampling system since it produces fewer numbers

Fig. 21 Layout of LC ADC
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of samples. Samples are constantly generated in a uniform
sampling system whereas LC ADC generates samples only
when the input signal crosses the threshold level. Figure 19
compares the number of samples generated by the LC ADC
and uniform sampling system for the input ECG signal shown
in Fig. 17. The LC ADC operates at a sampling frequency of
10 KHz with varying update interval. Uniform sampling

system operates at 500 Hz which is the general operating
frequency range for a long term ECG monitoring system.
Figure 19 shows that LC ADC generates a lower number of
samples as the update interval increases.

The LC ADC excluding the up/down digital circuitry,
counter and timer was implemented in CADENCE virtuoso
using 180 nm technology. Figure 20 shows the power

Fig. 22 The waveforms from post layout simulation of LC ADC in CADENCE virtuoso

Table 3 Comparison of the simulated results of designed LC ADC with previous LC ADC architectures (awithout counter and timer, bwithout T
flipflop in up/down circuitry, counter and timer)

Performance
metrics

[2] [3] [5] [7] [20] This work

Technology 180 nm (Nanosim
and HSpice)

0.35 μm
(CADENCE and
MATLAB)

MATLAB
simulation

MATLAB
simulation

180 nm (CADENCE and
VERILOGA)

180 nm
(CADENCE
AND MATLAB)

Reconstruction – ACT algorithm 6th order polynomial
interpolation

– 3rd order polynomial
interpolator

3rd to 6th order
interpolation in
MATLAB

Input
bandwidth

1KHz-5 MHz 1-10 MHz 9.42KHz 20-200hZ 5KHz 5 Hz–3.3KHz

Power
consump-
tion

34.4 μW-437.81 μW 175 mW – – 1.42μWa 367.6nWb

Area(mm2) – 1.8 – – – 0.088

Supply
voltage(V)

– 3.3 V – – 0.7 V 0.8 V

Input
voltage(V)

– 10 mV-1.65 V Varies – 0.8 Vpp 1mVpp

SNDR (dB) – 75 84.5 dB peak – 47 dB 57.50–98.8

MSE (V2) – – – 7*10^-4 – 1.368*10^-8
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consumption of LC ADC excluding the up/down digital cir-
cuitry, counter and timer for different amplitudes ranging from
0.2 V to 2 mV for various frequencies. The LC ADC occupies
an area of 266.33*331.385 μm2 as shown in the layout of LC
ADC generated using CADENCE virtuoso in Fig. 21. The
waveforms from the transient analysis of post layout simula-
tion in CADENCE virtuoso for 1 mV, 90 Hz input signal is
shown in Fig. 22. Figure 22 shows presence of spurious sig-
nals in the generated threshold from the threshold generation
circuitry which is given as the input to the main comparator.
This occurs due to the charge injection and clock feedthrough
in the switches and multiplexers of threshold generating cir-
cuitry. The generated threshold and the delayed input signal is
given as input to the main comparator which generates the
change output. The post layout simulation of the LC ADC
circuitry consumes an average power of 367.6 nW for 1

mVpp, 90 Hz input sinusoidal signal which is same as in
pre-layout simulation. This shows that parasitic capacitance
and resistance in layout do not have much effect on the work-
ing of LCADC. The simulated results of the LC ADC are
compared with simulated results in previously published
LC ADC architectures in Table 3 showing superior re-
sults. The proposed LC ADC achieves low power and
area compared to other ADC architectures as inferred
from Table 3. Previous literature shows LC ADCS using
resistive or capacitive ladder network as in uniform
sampling, feedback DAC and sequential algorithms to
generate the required threshold as explained in
Table 4. Advantages and disadvantages of the threshold
determining techniques in previous LC ADC architec-
tures are compared with the proposed adaptive threshold
generation technique in Table 4.

Table 4 Comparison of the threshold determining techniques in previous LC ADC architectures with the proposed adaptive threshold asynchronous
ADC

LC ADC
architectures

Description Advantages Disadvantages

[2–5] -Generated using resistive
or capacitive divider network

-Less design complexity -Optimal placement of levels
cannot be guaranteed resulting in
information loss

[6, 8] -Adaptive threshold
-The feedback n- bit DAC loop

generates an input compatible thresh
old voltage from the digital output

-Threshold was determined exploiting the
statistical properties of the sparse signal
reducing the information loss

-To ensure proper correction
of the reference level, the input
signal must not cross any
quantization level until the ADC
is ready to treat another data
causing a \delay.

-Occurrence of glitches
-Stability issues of the feedback loop

[9] -Off-chip fixed reference levels
generated using potentiometer

-The feedback 1 bit DAC loop forces input
to stay in the comparison window.

-Less design complexity
-Feedback loop ensures that reference

levels stays within the input range
reducing the information loss

-Offset of the comparators cause
inaccuracy in comparison levels
resulting in quantization error

-Feedback loop introduces stability
issues in the circuitry

[7] -Sequential algorithms that randomly select level set at fixed
intervals from a class of possible level sets according to a
ProbabilityMass Function generated by each class of input.

-Optimal placement of levels within the
dynamic range of input signal

-No feedback DAC loop

-Only algorithmic simulations are
performed with no circuit design
provided.

This work -Sequential algorithm that generate threshold for a fixed
interval (v seconds) from the mean of maximum and
minimum of input signal in the fixed interval

-Optimal placement of levels within the
dynamic range of input signal reducing
information loss

-No feedback DAC loop

-A delay of v seconds occurs in
generating the digital output

-Spurious signals in generated
threshold

Table 5 R-R interval, heart rate, and detection of abnormality from the ECG signal

Record 232 Record 201

RR interval
Extracted(s)

Heart rate
extracted (bpm)

Heart rhythm
abnormality

RR interval
Extracted(s)

Heart rate
extracted(bpm)

Heart rhythm
abnormality

1.4721 40.76 bradycardia 0.4677 128.27 Tachycardia

0.7359 81.53 normal 0.7680 78.13 Normal

0.7904 75.91 normal 0.8118 73.91 Normal

1.9742 30.39 bradycardia 0.6518 92.06 Normal

0.7320 81.97 normal 0.8594 69.81 Normal

0.7651 78.4 normal 0.6921 86.69 Normal
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The efficiency of the asynchronous adaptive threshold
ADC in ECG signal processing is tested by applying
wavelet transform to the reconstructed signal and
extracting the features of the ECG signal like P wave, Q
wave, R wave, S wave, J point, T wave, TON and TOFF.
Table 5 shows the RR interval, the heart rate and heart
rhythm abnormality obtained using wavelet transform
from the reconstructed ECG signal. Input ECG signal
used is record 232 and 201 from the MIT-BIH
Arrhythmia database in physionet for 6.819 s.

Conclusion and future work

The implementation of asynchronous adaptive threshold
LC ADC is presented in this paper. An algorithm for
asynchronous adaptive threshold LC ADC is proposed
and implemented using MATLAB. The algorithm de-
signed a LC ADC of high SNDR and few samples. The
peak SNDR simulated can be achieved practically by
keeping the noise introduced by analog circuitry much
less than total allowable noise. The algorithm implement-
ed using 180 nm technology in CADENCE operates at a
low supply voltage, and achieves lower power and area
making it suitable for wearable devices. Comparison of
the simulated results of this work with simulated results
of Li & Serjdin, 2012 [20] shows a 74% decrease in
power consumption. Also comparison of the proposed
LC ADC with Kozmin et al., 2009 [3] shows a 95% de-
crease in area. The LC ADC also works on a low supply
voltage of 0.8 V. We show case studies of RR interval,
heart rate and heart rhythm abnormality detection using
the proposed asynchronous adaptive threshold LC ADC
to prove the functionality of the design.

This paper presents only the simulated results of the asyn-
chronous threshold LC ADC. Future work will focus on the
fabrication of the chip. Implementing analog delay in hard-
ware is quite challenging. A bucket brigade device using
MOSFETs [21] or wound wire or circular buffer [22] can be
used for delaying the ECG signal which comes under the
future scope of this work. The spurious signal in the generated
threshold should also be reduced to achieve a more efficient
reconstruction of the input signal.
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