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Abstract: Compressed Sensing (CS) has been applied to electrocardiogram monitoring in wireless
sensor networks, but existing sampling and compression circuits consume too much hardware. This
paper proposes a low-power and small-area sampling and compression circuit with an Analog-to-
Digital Converter (ADC) and a CS module. The ADC adopts split capacitors to reduce hardware
consumption and uses a calibration technique to decrease offset voltage. The CS module uses an
approximate addition calculation for compression and stores the compressed data in pulsed latches.
The proposed addition completes the accurate calculation of the high part and the approximate
calculation of the low part. In a 55 nm CMOS process, the ADC has an area of 0.011 mm2 and a
power consumption of 0.214 µW at 10 kHz. Compared with traditional design, the area and power
consumption of the proposed CS module are reduced by 19.5% and 31.7%, respectively. The sampling
and compression circuit area is 0.325 mm2, and the power consumption is 2.951 µW at 1.2 V and
100 kHz. The compressed data are reconstructed with a percentage root mean square difference of
less than 2%. The results indicate that the proposed circuit has performance advantages of hardware
consumption and reconstruction quality.

Keywords: compressed sensing; electrocardiogram; wireless sensor networks; analog-to-digital
converter; approximation calculation

1. Introduction

Wireless Sensor Networks (WSNs) [1] have been widely used in Electrocardiogram
(ECG) monitoring by deploying sensor nodes to collect the sensing data. WSNs are limited
by their battery, so reducing the power consumption of data acquisition and transmission
can effectively extend their lives [2]. Compressed Sensing (CS) [3–5] is a sparse signal-based
compression and reconstruction algorithm, affording a simple compression process and
high reconstruction performance. ECG signal processing based on the CS algorithm mainly
includes converting the acquired original signal into a digital signal for compression and
then transmitting them wirelessly to the remote server for reconstruction. To ensure the
reconstruction quality, an Analog-to-Digital Converter (ADC) [6] is critical and must meet
the requirements of the compression process.

The ECG signal sampling and compression processes rely on analog and digital circuits.
The analog circuit implementation is called the Analog-to-Information Converter (AIC).
Saliga et al. [7] designed an AIC with random interval integration, integrating the input
signal by a random reconfigurable integrator before the AD conversion. The random inter-
val integration was a simple hardware implementation with commonly used components.
Sadasivuni et al. [8] presented an AIC technique that utilized analog hyper-dimensional
computing based on a reservoir-computing paradigm to ECG signal locally in-sensor and
reduced radio frequency transmission by more than three orders of magnitude. Qian
et al. [9] proposed a generalized AIC framework, which removed the model error between
an analog signal and its equivalent discrete samples through the joint optimization for
the discretization operator and its analysis sparse operator. The digital circuit compresses
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data after the ADC converts the ECG signal. Chen et al. [10] proposed a general sam-
pling and compression architecture and evaluated the performance of two implementation
modes. The results highlighted that the digital circuit implementation had significant
power consumption advantages. Kumar et al. [11] implemented a pipeline architecture
for a sampling and compression circuit that processed data at high speed and bypassed
the computation of unimportant input samples by a wake-up call, reducing the power
consumption of the hardware. Pareschi et al. [12] adopted a new method to deal with the
saturation problem during the CS compression calculation, where the corresponding circuit
adapted the energy distribution of the input signal to maximize the information contained
in the measurement. Liu et al. [13] presented a novel sampling and compression circuit
that could simultaneously compress and encrypt data. The circuit had high compression
efficiency while guaranteeing reconstruction quality, and the Compression Factor (CF)
ranged from 2 to 16.

In the existing ECG sampling and compression circuits, two problems lead to excessive
hardware consumption. One is that the power consumption of ADC is relatively high,
and some circuits employ external ADC causing unnecessary waste of resources due to
functional redundancy. The other is that matrix compression adopts accurate calculation,
and the compressed data are stored in registers imposing significant area and power
consumption. Since CS is a lossy algorithm and considering an ECG signal, as long as
the Percentage Root Mean Square Difference (PRD) of the reconstructed data is less than
9%, it can be used for medical diagnosis [14]. This paper proposes an ECG sampling and
compression circuit consisting of a Successive Approximation Register Analog-to-Digital
Converter (SAR ADC) for sampling and a CS module for compression. The CS module
performs accurate and approximate calculations for the high and low parts of the ECG
signal, respectively, based on the designed approximate addition calculation. Additionally,
pulsed latches are used to store compressed data by optimizing the timing of the circuit.

This paper is structured as follows. In Section 2, the CS algorithm and the sampling and
compression circuit are introduced and reviewed, and the problem of excessive hardware
consumption in the existing circuits is pointed out. Section 3 presents the proposed scheme,
and the sampling and compression circuit is designed based on the optimized ADC and
CS module. The simulation results and circuit implementation are reported and discussed
in Section 4. Finally, Section 5 provides the conclusion.

2. Sampling and Compression Circuit Based on Compressed Sensing
2.1. Compressed Sensing

CS is a sampling theory that compresses and reconstructs data based on signal spar-
sity [15]. The mathematical model of the CS algorithm is defined as Equation (1):

Y = ΦX (1)

where X represents the N-dimensional original signal X = [x1, x2, . . . , xN ]
T, Y is the M-

dimensional compressed signal Y = [y1, y2, . . . , yM]T, and Φ denotes the M × N measure-
ment matrix (M < N).

The measurement matrix largely determines the signal reconstruction quality. The
measurement matrices commonly used in the CS algorithm are the Gaussian, Bernoulli,
and binary. Considering the difficulty and consumption of hardware implementation,
this paper utilizes a binary matrix as the measurement matrix, which converts the matrix
multiplication and addition operations to selective addition operations [16], remapping the
compression process into Equation (2): y1

...
yM

 =

Φ1,1 · · · Φ1,N
...

. . .
...

ΦM,1 · · · ΦM,N

×
 x1

...
xN

 =

Φ1,1
...

ΦM,1

× x1 +

Φ1,2
...

ΦM,2

× x2 + . . . +

Φ1,N
...

ΦM,N

× xN (2)
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The reconstruction process aims to find a definite and unique solution under certain
constraints. Typical reconstruction algorithms are the Orthogonal Matching Pursuit, Com-
pressed Sampling Matching Pursuit, and Block-Sparse Bayesian Learning (BSBL), with
BSBL presenting a more stable and efficient reconstruction quality [17]. The performance
of the CS algorithm is usually measured by CF and PRD metrics. CF is calculated in
Equation (3):

CF =
N × Bx

M× By
(3)

where Bx and By are the numbers of bits of the original signal and compressed signal,
respectively. A large CF represents high compression efficiency, and a small PRD indicates
good reconstruction performance.

2.2. Sampling and Compression Circuit

Figure 1 illustrates the sensor node structure, mainly comprising a sensor module,
data processing module, wireless communication module, and energy supply module.
Specifically, the sensor samples, filters, and amplifies the sensing signal, and the ADC
converts the analog signal into a digital signal. Once the data are processed, they are
transmitted wirelessly. The sampling and compression circuit designed in this paper
mainly involves the ADC and data processing module enclosed in the dotted box of
Figure 1.
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pression and storage structure, so optimizing them can significantly reduce hardware con-
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Figure 1. The sensor node structure.

Given that ECG is a weak signal of low frequency and small amplitude, the sampled
data are prone to distortion due to the influence of non-ideal factors in the circuit. There-
fore, the performance of ADC directly affects the subsequent data processing and signal
reconstruction. In this paper, we customize a SAR ADC with high accuracy and low power
consumption, which can achieve a great adaptation with the data processing module.

The data processing module relies on the CS algorithm to compress the ECG signal.
The compression and storage structure is depicted in Figure 2, where N original signals are
added after being selected by the measurement matrix, and M adders work simultaneously.
The compression register group stores the sum after each addition and feeds the stored value
into the adder as an addend for the subsequent addition calculation. After each compression
round, the storage register group stores and outputs the compressed results, and the stored
data are not updated until the next compression round is completed. It should be noted that
adders and registers are the main components of the compression and storage structure,
so optimizing them can significantly reduce hardware consumption.



Appl. Sci. 2023, 13, 3350 4 of 15Appl. Sci. 2023, 13, x FOR PEER REVIEW 4 of 16 
 

 
Figure 2. The compression and storage structure. 

3. Proposed Scheme 
3.1. ADC 

SAR ADC has the advantages of simple structure and low power consumption in 
medium and low-speed applications. Thus, a 12-bit SAR ADC is designed with the circuit 
structure illustrated in Figure 3. ADC is often inactive in the sampling and compression 
circuit, so an asynchronous format is adopted to avoid a high-frequency clock. The capac-
itor array and comparator are optimized to further reduce the area and power consump-
tion and improve the data accuracy. 

Figure 2. The compression and storage structure.

3. Proposed Scheme
3.1. ADC

SAR ADC has the advantages of simple structure and low power consumption in
medium and low-speed applications. Thus, a 12-bit SAR ADC is designed with the circuit
structure illustrated in Figure 3. ADC is often inactive in the sampling and compression
circuit, so an asynchronous format is adopted to avoid a high-frequency clock. The capacitor
array and comparator are optimized to further reduce the area and power consumption
and improve the data accuracy.
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The capacitor array can effectively avoid static power and only generate dynamic
power when capacitors are switched. However, the area of the capacitor array increases
significantly as accuracy improves. Therefore, this paper adopts the top plate sampling
scheme and uses bridge capacitors CPb and CNb to divide the capacitor array into a split
structure of high 8 bits and low 4 bits, reducing the number of capacitors from 4096 to 288
(92.97%). We choose the monotonic switching scheme, which can reduce the switching
power by 81% compared with the traditional scheme [18], and is more suitable for the ECG
sampling and compression circuit.

The Monte-Carlo simulation is performed to evaluate the influence of capacitor mis-
match, and 100 simulations are completed for each capacitance value in the range of 7.02 fF
to 21.53 fF. The simulation results are shown in Table 1, listing the corresponding Signal-to-
Noise Ratio (SNR), Spurious Free Dynamic Range (SFDR), Effective Number of Bit (ENOB),
and the standard deviation of ENOB for different capacitance values. The capacitance value
is set to 15.59 fF based on the compromise of area and power consumption.

Table 1. The simulation results of the influence of capacitor mismatch.

Capacitor (fF) SNR (dB) SFDR (dB) ENOB (bit) ENOB’s Std Dev (bit)

7.02 72.83 81.14 11.80 0.19
12.09 73.35 81.85 11.89 0.16
15.59 73.50 82.06 11.92 0.15
18.14 73.58 82.16 11.93 0.14
21.53 73.65 82.25 11.94 0.13

The comparator is the most critical analog module in SAR ADC, and this paper utilizes
a bipolar dynamic latch comparator without static power consumption. Since the ECG
signal is small and the offset of the existing comparator is typically in the order of tens
of millivolts, low-value data can be lost. Therefore, during the pre-amplification stage,
the calibration technique is used to reduce the offset voltage.

For a two-stage dynamic comparator, the offset voltage comprises a pre-amplification
and latch stage offset. The offset voltage of the comparator can be expressed as Equation (4):

VOS= VOSP +
VOSL

A
(4)

where VOS is the offset voltage of the comparator, VOSP and VOSL are the equivalent input
offset voltage of the pre-amplification and latch stages, respectively, and A is the gain of the
pre-amplification stage. The pre-amplifier stage offset is mainly caused by the mismatch of
input transistor threshold voltage (VTH), width-to-length ratio (W/L), and load capacitance
(CL) [19], as shown in Equation (5):

VOSP= ∆VTH +
VGS−VTH

2
×
(

∆W/L
W/L

+
∆K′

K′
− ∆CL

CL

)
, ∆VTH =

AVT√
WL

(5)

where K′= 1/2µnCox, ∆VTH, ∆W/L, and ∆CL are threshold voltage mismatch, width-
to-length ratio mismatch, and load capacitance mismatch, respectively, and AVT is the
threshold voltage mismatch coefficient.

This paper adopts a digitally-assisted analog fine-tuning technique and places the
auxiliary transistors MOCP and MOCN on both sides of the input pair transistors. By ap-
plying an unbalanced voltage to the gate of the auxiliary transistors, the current on the
corresponding branch of the comparator is changed, thus reducing the influence of the
MOS transistor offset.

At the beginning of calibration, the auxiliary transistors are reset first, connecting the
gates of MOCP and MOCN to GND, and the differential inputs of the comparator input the
same common-mode voltage. The comparator compares and outputs the results VO+ and
VO− when the clock is switched to high. The calibration logic determines the connection
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position of the calibration voltage based on the first comparison output. Taking the first
comparison results as VO+ = 1 and VO− = 0 as an example, the calibration logic connects
the gate of MOCN to the calibration voltage VC. As the step calibration voltage increases, the
equivalent input offset voltage decreases. Until the outputs become VO+ = 0 and VO− = 1,
the calibration logic disconnects the calibration voltage VC and the gate of MOCN to end
the calibration, and the calibration voltage is maintained in the capacitor CCN.

3.2. CS Module
3.2.1. Addition

The binary matrix converts the compression process into a selective addition opera-
tion. We design an approximate addition calculation to improve circuit performance by
sacrificing a little accuracy, as illustrated in Figure 4. We approximate the n-bit addend
selected by the measurement matrix. The high (nm) bits of the addend remain unchanged,
and the low m bits are approximated while a carry is generated.
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The approximate addend is expressed by Equation (6):

bn−1
∗ = bn−1

...
bm
∗ = bm

c = bm−1·bm−2
bm−1

∗ = bm−1·bm−2
bm−2

∗ = bm−1·bm−2
...

b3
∗ = b3·b2

b2
∗ = b3·b2

b1
∗ = 0

b0
∗ = 0

(6)

The bits of the high and low parts in the approximate addend are not fixed, and the
more bits of the low part, the larger the error. Therefore, the bits of the low part must be
determined according to the accuracy requirements of the circuit. Considering the low
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4 bits as an example, the generated approximate addend and corresponding error are
reported in Table 2.

Table 2. The approximate addend and corresponding error.

b3 b2 b1 b0 c b3
*b2

*b1
*b0

* Error Probability

1 1 1 1

1 0000

+1 1/16
1 1 1 0 +2 1/16
1 1 0 1 +3 1/16
1 1 0 0 +4 1/16

1 0 1 1

0

1000

−3 1/16
1 0 1 0 −2 1/16
1 0 0 1 −1 1/16
1 0 0 0 0 1/16
0 1 1 1

0100

+3 1/16
0 1 1 0 +2 1/16
0 1 0 1 +1 1/16
0 1 0 0 0 1/16
0 0 1 1

0000

−3 1/16
0 0 1 0 −2 1/16
0 0 0 1 −1 1/16
0 0 0 0 0 1/16

The mathematical expectation of the resulting error is 0.25, as calculated in Equation (7),
which is too small to ignore for binary data.

E(error) = (+1)× 2
16 + (+2)× 2

16 + (+3)× 2
16 + (+4)× 1

16
+(−3)× 2

16 + (−2)× 2
16 + (−1)× 2

16 + 0× 3
16 = 0.25

(7)

Furthermore, the more weighted bits are calculated accurately, and the less weighted
bits are calculated approximately. It can be seen from Table 2 that there are only three values
for the low 4 bits after approximation, which are 0000, 1000, and 0100, with probabilities of
1/2, 1/4, and 1/4, respectively. Therefore, the approximate accumulation sum of the low
4 bits is as Equation (8):

yq
∗(L) =

(
8× 1

4
+ 4× 1

4

)
×
(
Φq,1 + Φq,2 + . . . + Φq,N

)
, q ∈ [1, M] (8)

The accurate calculation of the high part is realized in the CS module, and the approxi-
mate calculation of the low part is completed in the remote server. When two results are
added, the compressed data are obtained.

3.2.2. Storage

The storage units include a register and latch, as depicted in Figure 5. The register
typically comprises two levels of master and slave latches, with the input signal meeting the
setup time and hold time, thus eliminating glitches and ensuring data accuracy. The primary
latch can be used to store stable data. For this work, a fast clock pulse signal is set as the
trigger condition of the pulsed latch by optimizing the circuit timing. By reducing the
conducting time of the latch, the probability of generating glitches reduces, thus improving
the accuracy of the stored data. Furthermore, the hardware consumption of the latch is
about half the register, so using latches affords lower power consumption.
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Fortunately, the clock frequency of the data compression is relatively low, and the
data are prohibited from being stored until each compression round stabilizes. Therefore,
this paper uses latches to store the compressed data and accordingly generates a fast clock
pulse signal as the trigger condition. On the premise of ensuring the accuracy of stored
data, the number of latches in this work is reduced by half from 1600 (16 × 50 × 2) to 800.

3.3. Sampling and Compression Circuit

The sampling and compression circuit is realized based on the proposed ADC and CS
module, as shown in Figure 6. The CS module comprises a matrix generator, compression
and storage, data transmission, and control. The matrix generator has two sets of linear
feedback shift registers and M XOR gates, and the M × N measurement matrix is generated
according to the CF. The compression and storage module completes the selective accu-
mulation calculation of the high part of the ECG signal based on the measurement matrix
and stores the data in pulsed latches after each compression round. The data transmission
module converts the compressed parallel data into serial data and transmits them based
on the SPI protocol. The control module provides the clock, reset, and enables signals to
other modules.
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4. Results and Discussion
4.1. Algorithm Simulation

The CS algorithm is simulated to evaluate the reconstruction performance of our
circuit. The experimental data are obtained from the MIT-BIH database [20], and ten
Records of men and women of different ages are selected for verification. The MIT-BIH
database is chosen among the Internet–available ones as it is the most widely used in the
scientific literature. The sampling frequency of the ECG signal in the database is 360 Hz,
and a 10 kHz frequency is used to resample. The measurement matrix is binary, and
the dimension M of the compressed data is 50. The reconstruction performance under
various CFs is evaluated to improve the reliability of experimental results. The original
data are 12 bits, where the low 4 bits are calculated approximately. The compressed data
and the accurate accumulation sum of the high 8 bits are set to 24 and 16 bits, respectively,
to prevent overflow.

Figure 7 reveals that the PRDs of ten ECG Records reconstructed data using two dif-
ferent calculation methods are less than 2%, indicating that the reconstruction performance
is very good. The PRD of accurate calculation is slightly lower than that of approximate
calculation. Although the approximate calculation sacrifices a little reconstruction quality,
it is acceptable.
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4.2. Circuit Simulation

The Monte-Carlo simulation is performed 1000 times for the offset voltage of the
calibrated comparator of the SAR ADC. The results indicate that the offset voltage σ is
0.29 mV, and the average value of the offset voltage is −0.02 mV, as shown in Figure 8.
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The PVT simulation is completed to evaluate the dynamic performance of the 12-bit
SAR ADC at the sampling frequency of 10 kHz, and the simulation results are plotted in
Figure 9. Under the condition of TT_1.2V_25 ◦C, the ENOB is 11.1 bits, SNR is 68.7 dB, and
SFDR is 71.1 dB. The performance of ADC at TT_1.2V_25 ◦C is better than that of other
processes, and at SS_1.08V_80 ◦C is the worst.
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Figure 9. The PVT simulation of the SAR ADC.

To evaluate the robustness of the SAR ADC against device mismatch, the Monte-Carlo
simulation of the circuit is performed 100 times. The simulation results in Figure 10 show a
mean of 9.85 bits with a standard deviation of 0.97 bits range.
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Figure 11 presents the functional simulation of the sampling and compression circuit,
where adc_to_cs is the 12-bit parallel ECG signal after ADC conversion, and cs_to_receiver
is the compressed serial data of the high 8-bit ECG data. The system clock sys_clk is 100 kHz,
and the sampling clock adc_sample_clk is 10 kHz. The CF is set to 8, so the dimension of the
measurement matrix is 50 × 800, and 50 elements, namely prbs in Figure 11, are generated
in each sampling clock cycle. The compressed data are transmitted according to the SPI
protocol, and outputs include the enable signal ss_to_receiver, clock signal clk_to_receiver,
and serial data cs_to_receiver. For every 8 bit of data transmission, each compression round
requires 100 transfers.
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4.3. Circuit Implementation

In a 55 nm CMOS process, the physical layout of the proposed circuit is realized.
The area of ADC is 0.011 mm2 (85 µm × 134 µm), and the power consumption is 0.214 µW
at the sampling frequency of 10 kHz. The traditional CS module with accurate calculation
and register storage has an area of 0.046 mm2 (215 µm× 214 µm) and a power consumption
of 1.409 µW. In contrast, the optimized CS module based on approximate calculation and
latch storage has an area of 0.037 mm2 (193 µm × 192 µm) and a power consumption of
0.963 µW. The area and power consumption of the proposed CS module are reduced by
19.5% and 31.7%, respectively, affording a remarkable optimization effect.
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The sampling and compression circuit is designed based on the optimized ADC and
CS module. As illustrated in Figure 12, the circuit area is 0.325 mm2 (570 µm × 570 µm),
limited by IO, and the core area is 0.048 mm2 (220 µm × 220 µm).
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The power consumption of the sampling and compression circuit is shown in Table 3.
The total power consumption is 2.951 µW, where the IO power consumption is 1.612 µW,
accounting for 54.6%, and the remaining 1.339 µW is the core power consumption.

Table 3. The power consumption of the sampling and compression circuit.

Module ADC CS Module IO Total

matrix
generator

compression
and storage

data
transmission control

Power (µW) 0.214 0.041 1.027 0.023 0.034 1.612 2.951

We compare the proposed circuit against current solutions with the results reported
in Table 4. A Figure of Merit (FOM) is used for fairness of the comparison under different
processes, as shown in Equation (9):

FOM =
Power×Area× γ

2ENOB × Frequency
, γ =

(
55

process

)2
(9)

References [10,11] only mention the hardware consumption of the CS module, while
references [12,13] present the sampling and compression circuit results. Our work provides
results for both the CS module and sampling and compression circuit, and Table 4 shows the
hardware consumption of the sampling and compression circuit. Our 12-bit SAR ADC has a
higher accuracy than the others, which is beneficial for data compression and reconstruction.
References [10,11] adopt a relatively advanced low supply of 0.6 V compared with the 1.2 V
used in this paper, but our CS module has obvious advantages with its area of 0.037 mm2

and power consumption of 0.963 µW. Compared with References [12,13], the proposed
sampling and compression circuit has significant advantages in hardware consumption.
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Table 4. The comparisons among different sampling and compression circuits.

Source Tech
(nm)

Supply
(V)

ADC
(bit)

ENOB
(bit)

Frequency
(kHz)

Area
(mm2)

Power
(µW)

FOM
(fJ*mm2/conv)

Chen [10] 90 core 0.6 8 / 20 2
(CS module)

1.9
(CS module) /

Kumar [11] 65 core 0.65 8 / 100 0.128
(CS module)

2.4
(CS module) /

Pareschi [12] 180 core 1.8
IO 1.8 11 8.99 100 8.51 10.08 157.511

Liu [13] 180 core 1.8
IO 3.3 10 9.3 4000 3 155 17.218

Our work 55 core 1.2
IO 2.5 12 11.1 100 0.325 2.951 4.369

The accurate accumulation sum of the high part and the approximate accumulation
sum of the low part are added to the remote server to obtain the compressed data for signal
reconstruction. Figure 13 presents the results of reconstructing the compressed data. Since
the reconstructed signal is almost identical to the original signal, we offset the original
signal upward by 0.2 V for clarity. The measured PRD is 1.513%, which is consistent with
the simulation results of the CS algorithm.
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5. Conclusions

This paper proposes a novel ECG sampling and compression circuit to solve the prob-
lems of a large area and high power consumption. The 12-bit SAR ADC is customized
and integrated into the sampling and compression circuit according to the data process-
ing requirements. The capacitor array uses the top plate sampling scheme and bridge
capacitors to reduce the area and power consumption, and the comparator applies a cali-
bration technique to minimize the offset voltage to 0.29 mV. On the premise of ensuring
the reconstruction quality, the CS module completes the matrix calculation, and pulsed
latches store the results. The addition calculation approximates the addend, and accurate
calculation and approximate calculation are carried out for the high and low parts of the
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ECG signal, respectively. The sampling and compression circuit realizes the functions of
analog-to-digital conversion, matrix generator, compression and storage, and SPI output.

In a 55 nm CMOS process, the ADC area is 0.011 mm2, and the power consumption is
0.214 µW. The developed solution optimizes the CS module and reduces its area and power
consumption by 19.5% and 31.7%, respectively. When the supply is 1.2 V and the frequency
is 100 kHz, the area and power consumption of the sampling and compression circuit are
0.325 mm2 and 2.951 µW, respectively, presenting apparent advantages. The ECG signal
reconstruction is completed based on the BSBL algorithm, with the measured PRD of the
reconstructed data being less than 2%. Therefore, the proposed sampling and compression
circuit has the advantages of low power consumption and high reconstruction performance,
which can be used in medical monitoring and diagnosis.
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