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Abstract—This brief presents a 2.16 µW low-power third-order
single-bit continuous-time delta-sigma modulator (CTDSM) for
electrocardiogram (ECG) signal acquisition application. The
proposed CTDSM uses an active-RC (A-RC) integrator as a first
integrator and an improved linearized Gm-C integrator for the
second and third integrators, respectively. The mixed-integrator
structure helps to mitigate the trade-offs between power con-
sumption and resolution. Moreover, a source-degenerated aux-
iliary differential pair circuit is used for the Gm-C integrators
to improve their linearity. By using A-RC and Gm-C integrators
together along with an improved-linearized Gm block, the total
power consumption was measured as 2.16 µW with a peak signal-
to-noise ratio of 80.1 dB, signal-to-noise, and distortion ratio of
78.4 dB, and a dynamic range of 81.4 dB with a bandwidth
of 250 Hz. Furthermore, a real-time ECG signal was success-
fully captured in an ECG acquisition system that consisted a
heart-rate sensor and a signal acquisition circuit, including the
proposed CTDSM.

Index Terms—Continuous-time delta-sigma modulation, weak
inversion, Gm-C structure, operational transconductance ampli-
fier, and low-power consumption.

I. INTRODUCTION

RECENTLY, electrocardiogram (ECG) monitoring has
become one of the most prominent requirements in

portable/wearable devices in modern medical diagnosis. An
ECG acquisition system primarily consists of a heart-rate
sensor and a signal acquisition circuit, including an analog-to-
digital converter (ADC). To ensure high performance with an
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Fig. 1. (a) Active-RC integrators-based structure used in the conventional
CTDSM. (b) Gm-C integrators-based structure used in an other conventional
CTDSM. (c) Mixed integrator used for the proposed low-power CTDSM.

ECG signal bandwidth, continuous-time delta-sigma modula-
tor (CTDSM) is mostly preferred in ECG acquisition systems
since it provides high resolution at a low power consump-
tion. More importantly, it is more cost-effective than other
counterpart ADCs. A CTDSM can be implemented either
by active-RC (A-RC) integrators or Gm-C integrators. As
shown in Fig. 1(a), an A-RC integrator with a load from
the A-RC integrator can be used in an A-RC integrator-
based CTDSM. Generally, the A-RC integrator-based CTDSM
requires high-power two-stage operational transconductance
amplifiers (OTAs) to drive resistance loads [16]. From
Fig. 1(b), a Gm-C integrator with a load of Gm-C integra-
tor is used in Gm-C integrator-based CTDSMs. Owing to
the infinite load, a much more power-efficient OTA can be
implemented for Gm-C integrators in Gm-C integrators-based
CTDSMs. However, poor linearity occurs in these integrators
because of its open-loop configurations, which causes distor-
tion. Therefore, in this brief, a mixed-integrator structure for
CTDSM comprising an A-RC integrator for the first integrator
(INT1) and two Gm-C integrators for the second and third inte-
grators (INT2 and INT3) is proposed to reduce the trade-off
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Fig. 2. (a) The proposed third-order CIFF single-bit CTDSM structure.
(b) Schematic implementation of the proposed CTDSM.

between power consumption and resolution [1], as shown in
Fig. 1(c). The reason behind choosing an A-RC integrator for
INT1 is to alleviate the linearity problem caused by the large
input signal swing. In an A-RC based CTDSM, the succeeding
integrator input resistance in between two consecutive A-RC
integrators behaves as the load for the preceding integrators,
which affects the OTA gain of the preceding stage. Thus, in
the proposed CTDSM, the large input impedance of the Gm-C
integrator for INT2 behaves as a large output impedance for
the OTA of INT1, which allows the use of an efficient single-
stage OTA operating in the weak inversion region instead
of the two-stage OTA for INT1 to achieve low power [2].
In addition, fast and easy tuning of the Gm-C integrators
for INT2 and INT3 are also implemented to achieve further
power reductions. However, the coefficients of the integrator
are determined by Gm and the capacitance, which vary with
the input voltage swing, thus causing a nonlinearity problem.
Therefore, to mitigate this issue, a source-degenerated auxil-
iary differential pair (SDADP) was used to improve the linear
range of Gm, which improved the performance of the CTDSM
proposed in this brief. The simulation results in [10] success-
fully verified this SDADP structure after implementation in a
continuous-time filter. Upon successful simulation verification,
this SDADP structure was further applied to a high resolution
delta-sigma modulator to complete the chip test.

II. CIRCUIT DESIGN AND IMPLEMENTATION

A. The Proposed CTDSM Structure

Fig. 2(a) presents the MATLAB representation of the
proposed third-order cascade-of-integrators with a feedforward
(CIFF) single-bit CTDSM structure. Since the CIFF structure
with an input-feedforward path only processes the quantiza-
tion noise in the loop and has a small output swing for each
integrator output, less power consumption is required for the
OTA [3]. Meanwhile, this greatly reduces the design require-
ment of Gm-C integrators for INT2 and INT3. Based on the
MATLAB/Simulink modeling in Fig. 2(a), the coefficients of
the proposed CTDSM are determined, and its noise transfer

TABLE I
SUMMARY OF SNR/SNDR WITH SIMULATION RESULTS ACCORDING TO

PVT VARIATION OF THE PROPOSED CTDSM

function (NTF) is expressed as follows:

NTF = s3

s3 + 0.6703s2 + 0.2442s + 0.0440
, (1)

where the gain of NTF over the whole frequency range should
be 1.5 or lower to ensure stability of the CTDSM. The NTF
gain was set to 1.5, and the NTF was obtained using the Delta-
Sigma Toolbox in MATLAB [3], as shown in Equation (1).
The proposed CTDSM uses Gm-C integrators for the remain-
ing integrators INT2 and INT3, except for INT1. Therefore,
NTF was calculated by reducing the coefficient to reduce
the output swing of each integrator in consideration of the
Gm linearity. Fig. 2(b) illustrates the overall schematic of
the proposed CTDSM, which includes an A-RC integrator as
INT1, two Gm-C integrators for INT2 and INT3, and Gm cells
(Gm3, Gm4, and Gm5) for the feedforward paths. As already
discussed, the A-RC integrator is used to alleviate the non-
linearity of the first integrator. The transconductance of the
low-power OTAs designed for the Gm cells is determined using
the equation below:

Gm = 1

R
. (2)

A resistive feedback circuit was implemented for the single-
bit digital-to-analog converter path, where the feedback logic
signals (Dp and Dn) were generated from the block of “SR
Latch”. The values of the resistor, capacitor, and Gm in
Fig. 2(b) were determined using the coefficients obtained from
the MATLAB simulation in Fig. 2(a). Excess loop delay (ELD)
is a well-known nonideality of high-speed continuous-time
delta-sigma modulators. Unlike an ideal modulator, which
instantaneously performs sampling, quantization, and digital-
to-analog conversion, real modulators always exhibit a time
delay in the signal processing chain. The delay arises from
the non-zero switching time of the transistors in the com-
parators of the quantizer and the digital-to-analog converter.
However, in low-speed applications, the one clock period is
sufficiently long, and the time delay accounts for a very small
portion of one clock period, so the ELD is not a serious issue
in low-speed CTDSMs. Table I shows the simulation results
according to PVT variation [4] of the proposed CTDSM.

B. Single-Stage OTA Working in the Weak Inversion Region

Fig. 3(a) shows the OTA schematic used in INT1. As men-
tioned, owing to the large input impedance of Gm of INT2 in
the proposed mixed-integrators CTDSM, a single-stage class-
AB OTA [5] operating in the weak inversion region instead of
a two-stage OTA in INT1 was used to improve the power con-
sumption. In the delta-sigma modulator, the OTA of the first
integrator is particularly important [6]. Moreover, for a given
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Fig. 3. (a) Schematic of a class-AB OTA working in a weak inversion region.
(b) Open-loop AC simulation results of the adopted OTA.

transistor, the channel length modulation effect is the same for
both weak and strong inversions, and rds changes according
to the drain current [7]. The channel-length modulation fac-
tor λ is equal to the reciprocal of the initial voltage and is a
function of the channel length. Therefore, rds increases both
as the drain current decreases and as the operation decreases
from strong inversion to weak inversion. The designed class-
AB OTA gain can be calculated, as Av = Gm × Rout, where
its transconductance Gm and equivalent output resistance Rout

are indicated in [5]. Fig. 3(b) shows the open-loop AC simu-
lation result of the designed class-AB OTA with an equivalent
load capacitor of 20 pF. The DC gain and unity-gain band-
width (UGBW) are 47 dB and 230 kHz, respectively, and
the phase margin obtained is approximately 85 degrees under
different process corners (TT, FF, and SS) and temperatures
(−40, 27, and 125 ◦C). For the typical case (process: TT, tem-
perature: 27 ◦C), a DC gain of 47.8 dB, UGBW of 308.4 kHz,
phase margin of 86.0 degrees, and a unity-gain bandwidth
(UGBW) of 308.4 kHz were obtained. The input resistance of
the proposed CTDSM was determined as 6.2 M� by consid-
ering the thermal noise of 4kTR [8]. The input-referred noise
of the weak inversion OTA of the first integrator was calcu-
lated through the noise simulation of the Spice simulation. The
input-referred noise of the proposed CTDSM is 2.90 nV2/Hz.
Considering the noise of the proposed CTDSM, the SNR was
calculated as 84 dB using the SNR formula [9]. The noise of
these components is sufficiently low to achieve the target SNR
of the ADC.

C. The High-Linearity Gm-C Implemented by an Auxiliary
Differential Pair OTA

Fig. 4(a) illustrates the conventional source-degenerated dif-
ferential pair structure and the SDADP structure used in the

Fig. 4. (a) The conventional source-degenerated differential pair structure
and the adopted SDADP structure. (b) Simulated results of the conven-
tional source-degenerated differential pair structure and the adopted SDADP
structure.

Fig. 5. Schematic of Gm implemented in the proposed CTDSM.

proposed CTDSM. Fig. 4(b) shows the linear range compar-
ison of the conventional source-degenerated differential pair
structure and the SDADP structure obtained from the simula-
tion. Compared to the conventional source-degenerated differ-
ential pair structure, the SDADP structure has a much wider
linear range with low harmonic distortion [10]. Therefore,
this SDADP structure was used to implement all Gm cells
in the proposed low-power CTDSM, as shown in Fig. 2(b).
Fig. 5 shows the schematic of Gm implemented in the proposed
CTDSM, where R1 and R2 are the degenerated resistors
(R1 = R2), transistors M3-M6 are biased using IB, and a cur-
rent of 2IB flows into the tail current source transistor M13.
Transistors M11 and M12 operating in the deep triode region
were used for common-mode sensing, and since it does not
require an additional biased current, it benefits by lowering
the current to some extent. SDADP has been designed with
a different bias current to match the input swings of differ-
ent Gm cells in this proposed CTDSM. Consequently, nearly
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Fig. 6. Block diagram of an ECG acquisition system using the proposed
CTDSM.

Fig. 7. (a) Chip microphotograph. (b) Power consumption of the proposed
CTDSM.

constant coefficients were obtained for the proposed CTDSM
with optimized power consumption.

D. ECG Acquisition System Using the Proposed CTDSM

The proposed low-power CTDSM was implemented on an
ECG acquisition system to verify its performance, as shown
in Fig. 6. The ECG acquisition system comprised a heart-rate
sensor including a light-emitting diode (LED), an ambient light
photo (ALP) sensor, an amplifier, the proposed CTDSM, and
digital signal processing (DSP). The LED in the ECG continu-
ously emits light, and the ALP sensor measures the amount of
LED light reflected by the capillaries. The amount of returned
light decreases when blood flowing in the capillaries increases
and the amount of light reflection increases when the blood
flowing in the capillaries decreases. Accordingly, ECG signals
are successfully detected by the heart-rate sensor. Furthermore,
the detected ECG signals are amplified by an amplifier with a
gain of 300 before being processed by the proposed low-power
CTDSM, as shown in Fig. 6. Finally, an ECG waveform is
obtained using DSP, which consists of Arduino and MATLAB
tools.

III. MEASUREMENT RESULTS

A. Measurement Results of the Proposed CTDSM

Fig. 7(a) shows a microphotograph of the proposed low-
power CTDSM with a total area of 0.29 mm2. The power
consumption distribution of the proposed low-power CTDSM
is shown in Fig. 7(b), where the total power consumption is
2.16 µW with a 1.8 V supply voltage. The OTA of INT1 is
the most important block that determines chip performance, so
55% of the total chip power is used by INT1. Fig. 8(a) shows
the measured digital output FFT spectrum of the proposed
low-power CTDSM chip. A signal-to-noise ratio (SNR) of
80.1 dB and an SNDR of 78.4 dB were achieved. The FFT
points of 65536, the input signal frequency of 51.757 Hz,
and the signal bandwidth of 250 Hz were used during chip

Fig. 8. (a) Measured output FFT spectrum of the proposed CTDSM chip.
(b) Dynamic range spectrum of the proposed CTDSM chip.

Fig. 9. (a) Test bench of the ECG acquisition system with the proposed
low-power CTDSM. (b) Measured real-time ECG waveform of the ECG
acquisition system.

testing. Owing to the proposed mixed-integrator structure and
improved linearized Gm using the SDADP circuit, there were
no visible harmonics, as shown in Fig. 8(a). The measure-
ment result is lower than the simulation results because of the
extra parasitic component and noise of the chip and the PCB.
Fig. 8(b) shows the measured dynamic range (DR) of 81.4 dB
for the proposed low-power CTDSM at a signal bandwidth of
250 Hz. The general figure of merit (FoMW ) [3] is used for a
performance comparison with other state-of-the-arts methods.
The experimental results of the proposed CTDSM and other
studies are summarized in Table II. It can be observed that the
proposed low-power architecture has a significant reduction
in power consumption and exhibits a good FoMW compared
to other delta-sigma modulators with similar low-bandwidth
application.

B. Measurement Results of a ECG Acquisition System With
the Proposed CTDSM

Based on the block diagram of an ECG acquisition system
in Fig. 6, a test bench was generated as shown in Fig. 9(a). The
PCB of the ECG acquisition system was 27 mm × 32 mm.
The sensor supply voltage was 3.3 V, which is different from
the supply voltage of the proposed CTDSM (1.8 V). The
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TABLE II
SUMMARY OF THE CTDSM MEASUREMENT RESULTS AND PERFORMANCE COMPARISON

experiment was conducted in a dark environment to mea-
sure the amount of light reflected from the capillaries using
LEDs, as mentioned in Section II. Fig. 9(b) presents the final
measured real-time ECG waveform, where the PQ interval is
approximately 0.20 s, and the lowest change in R voltage is
from 2 to 25 mV. Evidently, the ECG acquisition system oper-
ated correctly and the performance of the proposed CTDSM
was successfully verified using the fabricated ECG acquisition
system.

IV. CONCLUSION

A 2.16 μW low-power third-order single-bit CTDSM for
ECG signal acquisition is presented in this brief. The proposed
low-power CTDSM uses a mixed-integrator structure and an
improved-linearity Gm block. The proposed mixed structure
consists of an A-RC integrator for the INT1 and Gm-C inte-
grators for INT2 and INT3 to reduce the power consumption.
Owing to the large input resistance of the second integrator, a
single-stage OTA working in the weak inversion region is used
in the first integrator to reduce power consumption, instead of
a conventional two-stage OTA. Overall, it was verified that the
proposed single-bit CTDSM uses less power.
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