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Abstract— Measured performances of a Delta Sigma ADC
prototype operating down to 150 mV supply show 600 pW
consumption while being able to convert dc signals with
INL<0.75% of input full scale. The modulator shows an SNDR
of 59.3 dB over a bandwidth of 0.3 Hz and 17 Hz at a supply
voltage of 0.15V and 0.3 V, respectively. Dc characterizations
over a set of 5 samples between 0.18 V and 0.3 V supply range
show consistent and repeatable offset (<0.51% of full scale) and
integral non-linearity (<1.45% of full scale). Such performances
candidate the proposed ADC for its use in ultra-low voltage, low
sampling rate, power-autonomous sensor nodes.

Keywords— Ultra-low voltage, Ultra-low power, Delta-Sigma
ADC, Inverter-Like, Energy-harvester powered

I. INTRODUCTION

An increasing number of emerging applications is
requiring the development of extremely miniaturized sensor
nodes, capable of monitoring critical physical and chemical
quantities relying only on the power provided by energy
harvesters. Among the latter, great interest is received by
enzymatic biofuel-cells [1,2], especially for wearable and
implantable devices. These sources pose great challenges to
the designers, due to their low output voltages, often of the
order of only a few hundred mV. Use of boost dc-dc
converters is made difficult by their low efficiency when
applied to Ultra-Low Voltage (ULV) and Ultra-Low Power
(ULP) harvesters. Then, it is desired to develop complete
sensor systems capable of operating with an as small as
possible supply voltage. Prototypes of CMOS digital
standard-cells capable of operating with sub-100 mV supply
voltage have been demonstrated [3], while analog circuits are
lagging behind, with only a few examples capable of
overcoming the 200 mV barrier. To fill this gap, the
development of ULV CMOS analog cells is therefore of
paramount importance.

A key block that is required in most sensor systems is the
Analog to Digital Converter (ADC). Interestingly, data
logging of biometric parameters (e.g. temperature, humidity,
concentration of analytes in body fluids) involves very slow
conversion rates, often below one sample per second. In these
cases, the usual trade-offs between bandwidth, resolution and
power consumptions are less relevant and the actual challenge
is obtaining an adequate dc accuracy even with extremely low
supply voltages and power consumptions [4]. Several
examples of ULV ADCs have been presented in the last
decade. The functionality of SAR ADCs for supply voltages
equal [5] or even lower [6] than 200 mV have been
demonstrated. For the quoted relaxed sampling rate
constraints, single-bit Discrete Time (DT) Delta Sigma (AX)
ADC:s represent a viable alternative to SAR ADCs, offering
advantages in terms of area occupation due to their intrinsic
insensitivity to device mismatch. Examples of DT-AX ADCs
compatible with supply voltages from 300 mV to 250 mV
have been proposed [7-10]. Lower supply-voltage limits have

been reported for AX ADCs where the integrator function is
accomplished in the phase-domain by a Voltage Controlled
Oscillator (VCO) [11, 12]. A major drawback of open-loop
VCO-based ADCs is low control over gain and offset errors,
which strongly depend on the accuracy of the VCO voltage-
to-frequency conversion law. Considering classical DT-AX
architectures, reduction of the supply voltage (V4s) impacts on
the amplifier’s gain-bandwidth product and output range.
Inverter-like amplifiers become the mandatory solution when
Vaa gets lower than the MOSFET’s threshold voltage [10].
Notice that for supply-voltages lower than nearly 200 mV, the
interval of output voltages where both devices of the inverters
operate in saturation region vanishes, leading to available
voltage gains in the order of a few units. In addition,
stabilization of the output common mode voltage of
Fully-Differential (FD) amplifiers formed only by standard
CMOS inverters is problematic. The popular Nauta’s six-
inverter solution [13] was found to be highly inefficient in
terms of output range [14].

In this work we propose a second-order FD DT AX ADC,
based on switched capacitor (SC) integrators that exploits
recently introduced solutions for mitigation of the
aforementioned problems occurring at extremely low dc
voltages. A 9-inverter topology [15], which, differently from
the Nauta’s solution, does not degrade the original inverter
output swing, is used for the fully differential amplifiers.
Acceptable dc performances are maintained even at supply
voltages below 200 mV thanks to the adoption of a two-stage
SC integrator [16] that boosts the dc gain of the amplifiers,
while reducing the offset of the latter through Correlated
Double Sampling (CDS). The proposed ADC architecture was
originally proposed in [17], where the potentiality of

application in ULV conditions was supported by simulations.
This work describes for the first time the results of
measurements performed on a prototype designed using the
UMC 0.18 pm CMOS process.
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Fig. 1. Block diagram of a 2" order, single-bit quantizer, Discrete-Time AT
modulator.

II. CIRCUIT DESCRIPTION

The topology chosen for the proposed ULV A% modulator
is a DT 2" order Cascade of Integrator FeedBack (CIFB) with
a single-bit quantizer (Fig.1). This standard topology was
adopted for its good compromise between resolution, linearity
and design complexity. Moreover, a fully-differential
architecture was preferred due to its intrinsic robustness to
common-mode disturbs and its doubled signal range. The
schematic view of the whole AX modulator is represented in
Fig.2, including the time diagram of the clock phases.
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The first integrator INT1 represents the most critical block
in terms of noise, offset and dc gain requirements, as it was
extensively analysed in [17]. For this reason, the switched-
capacitor integrator presented in [16] was employed. The
coefficient b; (Fig.1) is realized by the capacitive ratio Cs/Cr,
while the other capacitors Cr and Cy are needed to reach the
low dc-gain sensitivity and the dynamic offset cancellation
technique, which are peculiar of this integrator topology.
These characteristics are essential when we are working with
ultra-low supply voltages and inverter-like amplifiers,
characterized by intrinsic low dc gain and large sensitivity to
device mismatch. The fully-differential amplifiers A; and A,
are implemented exploiting the completely inverter-like
topology presented in [15] and depicted in Fig.3-a. Differently
from other fully-differential inverter-like amplifiers as [13], it
maximizes the differential output range, reaching at the same
time a good common-mode stabilization. Thanks to the
Common-Mode Stabilization Loop made by Invso, the
amplifier shows a common-mode gain lower than one, which
allows stabilization of the common-mode signals of the
integrator. Inverters Invi.9, employed in the fully-differential
amplifier, are depicted in Fig.3-b. The body terminal of the
pMOS is connected to a potential close to ground in order to
lower its threshold voltage and improve the inverter speed.
The body terminal is connected to the nMOS My (shared by
all the inverters in the modulator) to limit the current flowing
through the forward-biased body-source and body-drain
junctions of the pMOS. However, at ultra-low supply voltages
(e.g. lower than 0.5 V), the current flowing through the two
junctions is negligible and the pMOS body terminal is biased
with a potential very close to ground.

The performance of the second integrator INT2 is not as
critical as the first one, as discussed in [17]. For this reason,
we did not choose the same topology of INT1 but we opted
for a standard parasitic-insensitive switched-capacitor
topology, which employs only one fully-differential amplifier.
Capacitive ratios Cs24/Crz and Cs2s/Cr> implement modulator
coefficients ¢; and a», respectively. The fully-differential
amplifier Az is identical to A; and A,. The constant bias
voltage Vi used in INT1 and INT2 is generated by a single
input-output connected inverter (Invy in Fig.2).

The 1-bit ADC is a latched comparator, whose schematic
view is shown in Fig.4. It works on the two clock phases,
pre-amplifying the input signal during phase 2 (Invio.;1) and
deciding during the following phase 1 (Inv.13). Each clocked
inverter is formed by a CMOS inverter and two switches to
disable it during the off-phase. The 1-bit DAC provides the
differential feedback signal to INT1 and INT2. The reference
voltage corresponds to the supply voltage Vg, thus the DAC
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simply consists of two cascaded inverters used to buffer the
output differential signal of the comparator and its schematic
view is omitted for simplicity.

Proper non-overlapped control signals, whose timing is
depicted in Fig.2, drive all modulator switches. Excluding the
switches in the 1-bit ADC, which are implemented as pass-
transistors, the rest of the switches are complementary pass-
gates. The high and low voltage levels of the control signals
are shifted to 2V, and -V, respectively, by means of a clock-
boosting circuit [9], reducing the on-resistance of both the
pMOS and the nMOS switches, which is particularly critical
in ULV design.

III. EXPERIMENTAL RESULTS

The proposed AX modulator was fabricated with the
0.18 um UMC CMOS process, using the 1.8 V MOSFET core
devices. Sizing of all the inverters employed in the fully-
differential amplifiers Ai, A, and Az (which are nominally
identical), as well as sizing of the inverters in the ADC and in
the DAC and of all the pass-gates, is reported in Table I.
Values of the capacitors employed in INT1 and INT?2 are also
shown in Table 1. Fig.5 shows a composition of an optical
micrograph of the AX modulator and its superimposed layout
in order to display devices and interconnections otherwise
hidden below the planarization dummies. The geometrical
dimensions of the clock boosting circuit and the AX modulator
are indicated in the picture; the overall area occupation is
0.088 mm?.

The oversampling clock signal was generated by a digital
finite state machine, starting from the on-chip oscillator
frequency and successively divided by means of
programmable counters, which allow fine tuning of the
oversampling frequency. The clock signal was level-shifted
from the digital supply level (1.8 V) to the supply voltage Vi
of the AX modulator. At the output of the modulator, the
bitstream was level-shifted from V4, to 1.8 V. Both the clock
and the bitstream waveforms were acquired by means of a
Rohde & Schwarz RTB2004 oscilloscope and transferred to a
personal computer, where the produced bit sequence was
recovered and processed by programs written with the Python
language. The software was used to estimate the bitstream
spectra and implement a 3™ order CIC filter with a decimation
factor (=OSR) of 64. The dc input differential signals were
provided by a two-channel Source Measure Unit (SMU)
Keysight B20902B. Sinusoidal and step stimuli were provided
with an Agilent 33220A Arbitrary Waveform Generator.
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Fig. 2. Schematic view of the 2™ order, single-bit quantizer, fully-differential AZ modulator.
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Fig. 3. Schematic view of the fully-differential inverter-based amplifier (a)
and of the CMOS inverter with body-bias of Mp (b).
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Fig. 4. Schematic view of the inverter-like 1-bit ADC, with the detail of the
clocked inverter.

o

TABLEI
S1ZES OF MOSFETS AND CAPACITORS

Luvos Wamos Lyyos Wonos

InvO 1 um 5 um 1 pm 5 um
Inv1,2 1 pm 10 pm 1 um 10 um

Inv3.4 1 um 2 pum 1 pm 2 um

Inv5,6 1 pm 5 um 1 pm 5 um
Inv7,8,9 1 um 500 nm 1 um 500 nm

In(‘g]gé 11’_1]32&;3 180 nm 2 um 180 nm 6 pm
DAC inverters 180 nm 12.5 pm 180 nm 12.5 pm
Pass Gates 180 nm 960 nm 180 nm 1.92 um

Cs Cr,Cu,Cr2 Cr Cs24 Cs2s

500 fF 1 pF 4 pF 490 fF 125 fF

Dc characterization was performed at different supply
voltages, from 0.15 V to 0.3 V. The reference voltage of the
ADC is V4, so the maximum input differential range is [-Via,
Vaa]. All the results are normalized to the full-scale range of
the ADC (FS=Va) to facilitate comparison of measurements
performed at different supply voltages. Fig.6 shows the
Integral Non-Linearity (INL) as a function of the differential
dc input voltage for a fixed common mode dc input equal to
Vaal2, at different supply voltages (0.15 V,0.18 V, 0.2 V and
0.3 V). The INL is lower than 1.5% of FS for a wide range of
differential input voltages (from -90% to 90% of FS), for all
the tested supply voltages. The current consumption /g, and
the oversampling frequency f,.s at each supply voltage are
listed in the inset of Fig.6. The dc operating point of the
inverter-like amplifiers is sensitive to the supply voltage and
their bias currents depend exponentially on the V, variations
due to the weak inversion bias region. Thus, also the
bandwidth of the amplifiers and, consequently, the maximum
oversampling frequency of the ADC increase at higher supply
voltages. It is worth noting the very low current consumption
at V4~=0.15V resulting in a power consumption of only
600 pW.
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Fig. 5. Optical micrograph (plus superimposed layout) of the AX modulator
and the clock boosting circuit.
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Fig. 6. INL vs differential input voltage at different supply voltages. The
table in the inset shows the current consumption and the oversampling
frequency for each V..

Fig. 7 shows the step response of the AX modulator at the
output of the software CIC filter, with a supply voltage of
0.15 V, an input common mode of V4/2 and an oversampling
frequency of 85 Hz. Comparing the input differential square
waveform and the output data, a significant offset can be
recognized. This is mainly due to the low dc gain of the
inverter-like amplifiers at this extremely low supply voltage,
which causes a degradation of the effectiveness of the CDS
technique [16]. It is worth noting also the settling time of the
output waveform, which coincides with the typical three
decimated data settling time of the employed 3™ order CIC
filter. Finally, the inset shows repeated acquisitions after the
settling time, from which an rms equivalent noise of 354 ppm
of FS was estimated.

Fig.8 shows the spectrum of the modulator bitstream for
two different supply voltages, 0.15 V and 0.3 V. Different
oversampling and stimulus frequencies were set in the two
testing conditions, as well as different oversampling ratios
(128 at V4~0.15 V, 64 at V4~0.3 V) and different amplitudes.
The ratio between the input tone amplitude and the converter
full-scale was kept constant. In both operating conditions, the
modulator shows a Signal to Noise And Distortion ratio
(SINAD) of 59.3 dB, while the Total Harmonic Distortion
(THD) is close to -60 dB or lower, which represent a
promising result of these preliminary analysis.
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Fig. 7. Step response of the AX modulator supplied at Vg=0.15V
(FS=0.15 V). The output bitstream was processed by means of Python 3™
order CIC filter with a decimation factor of 64.

Ny, = 32768 V=015V

20 b Hanning window s =85 Hz ]
% 40k f,, = 66 mHz 4
= SNR =60.3 dB A ad
5 el SINAD = 59.28 dB 4 1a)
3 THD = -66.3 dB
b% 80 q
-100 T
20 L2 L L = L .
0.01 01 1 10
f(Hz)
0 T T
20| Mo = 3216; V=03V ]
P e fos = 2.16 kHz
= SNR = 60 56 dB fo= 1.7 Hz
E sl  SINAD=59.3dB Amp = 175 mV 1b)
£ THD = -58.46 B
a 80 7
w
=100 -4
B, = 16.88 Hz
120 - - T
o1 1 10 100 1000
f(Hz)
Fig. 8. Spectra of the output bitstream at V4q=0.15 V a) and V4= 0.3 V b).

Dc characterizations over a set of 5 samples at three different
supply voltages (0.18 V, 0.2 V and 0.3 V) were performed
and the average value p and the standard deviation © are
reported in Table II. The standard deviation of the modulator
offset is similar at 0.18 V and 0.2 V, while it significantly
decreases at the highest supply voltage, due to the intrinsic
increase of the amplifier dc gain. A similar trend can be
recognized also in the maximum INL (measured over a
differential input range from -90% to +90% of FS).

TABLEII
DC MEASUREMENTS ON 5 SAMPLES AT DIFFERENT VDD VALUES

Vi Lup (nA) Offset (%FS) | INL-MAX (%FS)

) y’ el 7 el Y7 o

0.18 9.9 12 | -051 | 07 1.4 0.4

0.2 14.2 236 | -0.06 | 0.83 | 1.45 0.55

03 108.6 17 | -0.16 | 0.19 | 043 0.13
CONCLUSIONS

The proposed AX modulator is capable of working with
supply voltage as low as 150 mV and a power consumption of
only 600 pW. These performances are made possible by
means of the high-gain, offset-free, switched-capacitor

integrator and the high output swing, fully-differential,
inverter-like amplifier. It shows a maximum INL of 0.75% of
full-scale at V4¢=0.15V and a SINAD =59.3dB over a
bandwidth of 0.3 Hz. Despite of the very low conversion rate,
the proposed ADC is perfectly suitable for data logging in
power-autonomous sensor nodes (as wearable and
implantable devices), where the signal bandwidth of several
biometric parameters is typically below 1 Hz.
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