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Abstract—This paper gives an overview on the key features
of the several building blocks constituting modern nomadic
systems. Different micro-power energy harvesting techniques are
described and discussed. In addition, this paper reviews the
state of the art and provides recently published examples of low
power low voltage analog circuits, such as operational amplifiers,
reference generators, and data converters.

I. Introduction
In recent years, there has been an increasing demand of socalled autonomous applications, that means applications that
do not need and do not have the possibility of refuelling the
energy as it is commonly done with battery operated devices.
This kind of systems harvests power from the environment by
transforming what is available into electrical form. This source
can be light, electromagnetic waves, temperature, vibration and
energy generated by bacteria. In addition, there are systems
that are not in the same spatial positions, but move around
transported by a person or an object. In this case, we talk
about nomadic electronics. In all the above situations, it is
necessary to have harvested energy that is often very limited.
Thus, in order to ensure a good autonomy, it is necessary to
use electronic circuits consuming very low power. Moreover,
the transducer used to transform the energy into electrical
form generates very low voltage. Therefore, for autonomous
and much more for nomadic applications, it is necessary to
use electronic circuits operating with very low-voltage and
consuming ultra-low power.
This paper discusses about nomadic systems considering
both the ones carried by human and the ones carried by
animals or things. It presents different methods to harvest
energy and finally discusses about electronic systems suitable
for those applications.

huge market. It is expected that the market will grow from 180
billion of US dollars to more than one trillion from 2014 to
2020. In this case, the focus is on services and communication.
It is assumed that the hardware is almost conventional and does
not involve serious technical problems.
The conventional nomadic applications are normally carried
but humans. Moreover, as it happens for the cellphone, there
are inactivity periods during which it is possible to recharge
the battery. Now we have an emerging category of nomadic
systems that are not carried by humans, but that go around
with animals or things. Another possibility is that they are implanted into the human body. Connectivity and communication
that ensure data transfer are still important, but there are other
aspects that are vital for the effectiveness of the application
itself. These are the power harvesting and the low voltage and
low power operation.
An important category is the implanted electronic that helps
in providing a detailed picture of what is going on inside
the body and monitor diseases or developments after the
surgery. In addition, implanted electronics can replace drugs
to control and modify body functions. The classic example

II. Nomadic Systems
A typical nomadic system is a portable device like the cellphone or a smart watch. For this kind of devices communication is the key feature. Moreover, the computing requirements
are very high. Those are the premises of a massive use of
the Web. Indeed the web technologies are the backbone of
the so-called Internet of Things (IoT). Nowadays there is lot
of attention on IoT because the associated applications open a
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Fig. 1. Electronic tattoo: a medical nomadic system.
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Fig. 2. Left: microsystem to be implanted. Right: X-ray of the result.

Fig. 4. Example of a piezo harvester, [2].

is the pacemaker but now and much more in the future we
have extremely sophisticated control strategies that do much
more than the simple stimulating-response method. Examples
are electric stimulations to implement therapies for diabetic,
epilepsy and Parkinson’s diseases.
In the medical field there are new solutions that push in
the direction of wearable electronics. Examples are electronic
systems buried under the skin that communicate with the
external world via RFID and that are powered by transmitted
wireless energy. Another possibility is the electronic tattoo,
shown in Fig. 1, an adhesive worn on the skin, [1]. It would
replace bulky equipments used in hospitals to monitor patients
but has many other applications.
For implanted medical devices size and the battery life are
the main concerns of the system designer. Life can be as
long as 15,000 hours and the power consumption in the few
µW range. For in-hear devices the power dissipation is higher
(about 1 mW).
In addition to the ones generated by the medical market,
we will have in the near future many other nomadic systems.
The majority of them will incorporate the capability to harvest
energy, the ability to sense a physical or chemical quantity and
the communication capability. Examples are a monitor of the
water quality in a pipe with energy obtained by the water flow
or a network of systems with short range communication used
for the forest surveillance. In the last case, the energy can be
obtained from the movement of trees.
An example of what will happen in the future comes from
the initiative of a Swedish company that offered the workers
to have a microchip implanted under the skin of the palm and

to allow with that to access several services. The chip of the
size of a grain of rice (Fig. 2) permits to open doors, use the
photocopier, and pay the bill at the canteen. The technology
used is the simple RFID but an evolution to more complex
methodology is natural.
Fig. 3 shows a typical block diagram of a nomadic system.
The external energy is transformed by the energy harvester
and properly managed by a block that provides energy to the
system and eventually stores or uses the energy in the storage
element. The input of the system is given by one or more
sensors whose signals, after a suitable analog processing, are
converted into digital for more elaborate transformation and
possible data transmission. In some cases, the output signal is
stored in memory. As it is evident from the block diagram,
essential parts are the harvester, the storing element and the
low power low voltage electronics. Next Sections will discuss
in detail these important elements.

External
Energy
Source(s)

Energy
Harvester(s)

Analog Processing
Block(s)

Sensor(s)

A/D
Converter

Power
Management

Low Power
Microcontroller Unit

Energy Storage

Low Power
RF Transceiver
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Fig. 3. Block diagram of a nomadic system.
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III. Power Harvesting
Energy harvesting is a practice used for centuries to obtain
energy from the environment. We had, for example, windmills,
watermills and simple solar systems. More recently we had
wind turbines, solar panels and hydro-electric generators.
Nowadays, we have an increasing interest in micro-power energy harvesting systems. Suitable devices are able to scavenge
energy available in mechanical, thermal and solar forms.
Vibration, stress, pressure and strain produce mechanical
energy. The harvester can be piezoelectric, electrostatic or
electromagnetic. A piezoelectric energy harvester exploits the
piezoelectric effect: straining a piezo material transforms mechanical energy into electrical energy. The microstructures use
a cantilever with a mass attached (Fig. 4), [2]. The vertical
displacement determines a strain on the piezo material and
the result is a generated voltage.
The electrostatic energy harvesting relies on the relative
movement of one of the plates of a charged capacitor with
respect to the other. The mechanical energy is transformed into
an electrical energy because of the variation of the capacitance
(Fig. 5), [3]. This kind of harvester requires a voltage to
initially charge the capacitor.
The Faraday’s law is the basis of electromagnetic energy
harvesters. They use the magnetic mass that moves inside a
coil so that the change of flux induces a voltage. The benefit
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Fig. 5. Electrostatic energy harvester.
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is that there are no mechanical contacts and this positively
affects the reliability. However, with this method, the occupied
volume is large.
Thermal energy can be transformed into electrical energy by
using thermoelectric or pyroelectric devices. With a thermal
gradient, it is possible to generate electrical power. This is
obtained with the junction of two different materials that
realize a thermocouple or with an array of them to obtain
a thermopile. Having one junction on the hot side and the
other on the cold side benefits from the Seebeck effect. It
states that an electrical voltage is produced when junctions
of two different materials are kept at different temperatures,
∆V = S ∆T , where S is the Seebeck coefficient. Integrated
implementations use p-type and n-type semiconductors to form
the junctions. The value of S is in the 0.1 mV/K range. Fig. 6
sketches the cross section of an integrated implementation of
a thermopile, [3].
Pyroelectric materials have a special crystallographic structure that displays polarisation as a strong function of the
temperature. Temperature variations, called Olsen cycles, give
rise to polarisation and depolarisation with a consequent
current flow. The property can be used to harvest thermal
energy when temperature changes in time.
The energy carried by photons becomes electrical energy
by the use of photovoltaic (PV) cells. They consist of a pn junction that, when exposed to light, produces electrical

Fig. 7. Cross section of an integrated photovoltaic cell.

current. The voltage across the p-n junction is on the order of
hundreds of mV. There is an optimal voltage used to interface
the PV cell and the load to obtain the maximum power transfer.
Fig. 7 shows the cross section of an integrated PV cell.
The amount of harvested power is small, especially when
the area of the device is less than 1 cm2 . The scavenging
environment also matters: there are substantial differences
from the energy made available by human and an industrial
place.
Table I provides a summary of the power density achievable
from different energy harvesting techniques, [4]. As shown,
the amount of power for small available area is very low.
Moreover, the generated voltage is lower or much lower than
1 V.
IV. Low-Power Low-Voltage Analog Circuits
Designing low power and low voltage analog circuits for
nomadic systems is challenging. Modern applications require
analog circuits working with sub 1-V supply voltages and
with power consumption in the hundreds of nW range while
preserving good performances. Moreover, these requirements

TABLE I
Power density of energy harvesting techniques.
Energy harvesting technique

Power density
Outdoors (direct sun): 15 mW/cm2

Photovoltaic

Thot

Heat Flow

N-type Material

jn

jp
V1

V2

Thermoelectric

Metal Conductor (Al)
Thermal Conductor

Piezoelectric

Thermal Insulator (SiO2)

Electrostatic

Heat Sink

Tcold

Electromagnetic

VOC

RF
Wind

Fig. 6. Cross section of an integrated implementation of a thermopile.
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Outdoors (cloudy day): 0.15 mW/cm2
Indoors: <10 µW/cm2

P-type Material

405

Human: 30 µW/cm2
Industrial: 1 to 10 mW/cm2
250 µW/cm3
330 µW/cm3 (shoe inserts)
50 to 100 µW/cm3
Human motion: 1 to 4 µW/cm3
Industrial: 306 µW/cm3
GSM 900/1800 MHz: 0.1 µW/cm2
Wifi 2.4 GHz: 0.01 µW/cm2
380 µW/cm3 at the speed of 5 m/s
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Fig. 8. General block diagram of an op-amp with slew-rate enhancement.

need to be satisfied with the additional challenges brought by
the technology scaling.
Basic building blocks are operational amplifiers and voltage
reference generators, included in the analog processing block
in Fig. 3, and data converters. For each of them, the following
sub-Sections briefly review the state of the art and give some
recently published examples of implemented solutions.
A. Operational Amplifier
The operational amplifier (op-amp) is a key building block
for analog processing. With mature technologies and relatively
high supply voltages, consolidated schemes achieve high gain,
wide bandwidth and good slew-rate. However, with modern
technologies, whose channel length is as short as 40 nm or
even less, the design of op-amps with good performances is
problematic because of the following limiting factors:
• The supply voltage scales down, but, since the transistors
threshold voltage does not scale with the same pace, the
dynamic requirements impose using only two transistors
from Vdd to V ss in the output stage.
• The transconductance gain of transistors worsens and is
weakly controlled by the bias current.
• The output conductance is poor making the value of the
transistor intrinsic gain in the few tens range or less.
These limits determine new challenges for analog designers
that must be faced with new or renewed design methodologies.
When a relatively large gain is required, cascading many stages
is a solution, that, however, certainly makes more difficult
ensuring stability. It has to be pointed out that having cascode
stages is possible even with low supply voltage, provided that
they are not the output stage. The voltage allocated for the
output swing can be conveniently used for biasing the cascode
arrangement. For a target gain of about 60 dB cascading three
amplification stages or even more is therefore necessary. In
this case, in the open literature, there are many topologies for
frequency compensation of multi-stage amplifiers, [5]–[7]. As
an alternative, the work reported in [8] shows a two stage opamp composed by the cascade of a cascode and an inverting
stage, assisted by a class AB nested block. The solution grants
a good gain, slew rate, and circuit complexity compromise.
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As known, two stage amplifiers fulfil moderate gain and
high output swing requirements, but the most challenging
issues are imposed by the power consumption and by the slewrate performance limited by the compensation capacitor. One
of the possible solutions is to increase the quiescent current of
the amplifier, but this leads to a power consumption penalty.
Very few slew-rate enhancement techniques in single or twostage amplifiers have been addressed in the open literature
and many presented methods are based on the diagram of
Fig. 8. Basically, there is an additional auxiliary block, driven
by the input signal, which monitors the slewing conditions of
the op-amp and boosts the slewing performance. The method
proposed in [9], silicon verified in [10], applies to twostage op-amps and achieves approximately 4x improvement
in the slew-rate performance. Moreover, it provides additional
benefits in terms of gain and bandwidth.
When the signal band is small, it can be convenient to use
sampled-data operation. There are many examples of sampleddata systems for realizing filtering functions or for data conversion [11]–[13]. It is also possible to use the sampled data
technique even at the op-amp level for processing signals with
few tens of Hz of bandwidth. It results that the output voltage
of the op-amp changes in a discrete manner under the control
of a clock with a frequency higher than the frequency of the
system where that op-amp is used. The sampled data method
applied to the op-amp leads to ultra-low voltage operation and
extremely low power.
Fig. 9 shows the schematic diagram of a sampled-data
amplifier, [14]. It operates under the control of three phases.
The first phase, ΦA , connects the input transistor M1 in the
diode configuration to charge the auto-zero capacitor C1 to V−
minus the VGS of the input transistor M1 . The second phase,
ΦD , is the amplification phase. The signal current, id , flows
through the switch S 4 into M2 and mirrored to charge the
capacitor C2 for the fixed time set by ΦD . The bias current
IQ determines the quiescent discharge voltage. The switched
capacitor output structure, controlled by ΦS , provides the
output.
It is easy to verify that the DC gain of the sampled-data
amplifier of Fig. 9 is
A0 =

IB T D
id T D
=
C2
nVT C2

(1)

which depends on three parameters: the bias current in M1 ,
the charge time and the value of C2 . As reported in [14], for
IB = 100 nA, T D = 10 µs and C2 = 0.2 pF, the calculated gain
is around 40 dB. The total consumed power of the circuit with
Vdd = 0.5 V can be as low as 60 nW.
B. Reference Generator
Bandgap voltage references (BGRs) have been the most
popular solution to implement an integrated reference using
standard CMOS technologies exploiting parasitic BJT devices.
As known, BGRs base their operating principle on the addition
of two voltages having opposite temperature dependencies:
a forward biased diode voltage that corresponds, in general,
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Fig. 9. Schematic of a sampled-data amplifier.
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Fig. 10. Schematic diagram of a BGR with sub-1V operation.

to the base emitter voltage (VBE ) of a BJT which exhibits
complementary to the absolute temperature (CTAT) dependence and an appropriately amplified version of the voltage
difference between two forward biased diodes operating under
different current densities that has a proportional to the absolute temperature (PTAT) dependence. However, the technology
scaling and the demand for low power applications lead to
lower supply voltage makes traditional bandgap reference
architectures no more suitable. There are two main reasons
that are making the conventional CMOS BGRs not appropriate
for sub-1V operation: the first one is that the BGR output
voltage is equal to the extrapolated bandgap voltage of silicon
at 0 K, ≈1.2 V that exceeds 1 V. The second limitation is
due to the required input common mode voltage level of the
amplifier used in the feedback loop that generates the PTAT
current. Different approaches have been proposed to overcome
these two problems. A conventional solution, shown in Fig. 10,
uses resistive subdivision method that allows scaling down the
reference voltage, hence achieves sub-1V operation [15]–[17].
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On the other hand, in order to achieve low power consumption while exploiting the BGR principle, often forward-biased
pn-junctions are substituted with MOS transistors operating
in the sub-threshold region where they have a diode-like
behaviour [18], [19]. The gate-to-source voltage of a MOSFET
in subthreshold region has negative temperature dependance
like the one of a p-n junction and the VGS can go down to
hundreds of mV. Therefore, substitution of forward-biased pn junctions with MOSFETs operating in subthreshold region
allows lower value of supply voltage even for conventional
schemes.
Other types of voltage references, implemented in standard
CMOS technologies, are based on a weighted difference of
the gate-source voltages of two MOS transistors working
in saturation region, [20], or on temperature compensation
techniques that exploit the different characteristics of MOS
transistors in saturation and in subthreshold, [21]–[23]. The
methods allow low power and low supply voltage, but the
obtained output voltages widely spread at process corners
because of the relatively poor control of MOS thresholds in
the fabrication process. Moreover, in order to scale down the
supply voltage, sampled data systems and switched-capacitors
implementations have been reported as well, [24], [25].
The minimum usable supply voltage depends on two factors:
the architecture used to generate the PTAT and CTAT currents
and to add them with a suitable ratio and the possible gain
stage or op-amp employed in the architecture. Minimum power
consumption requires a minimum number of branches and
the possible reuse of current. Fig. 11 shows an example of
a non conventional solution that meets these goals by using
MOS transistors working in the subthreshold region, [26]. The
reference core cell is the reversed version of a conventional
current mode bandgap reference in which PTAT and CTAT
currents are reused. They flow across the output resistors ROUT
and are directly transformed into the output voltage. This
avoids the use of current mirrors, source of inaccuracy. The
control loop generates the voltage VX that makes equal VO1
and VO2 . The output voltage is given by
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VO1 =

CORE

"
#
ROUT
R1
VGS 1 + nVT ln (N)
R1
R0

(2)

MP1

By inspection of Fig. 11 the minimum voltage across the
core circuits is
VDD = VO2 + |VGS ,MP1 |

C. Data Converter
The analog-to-digital converter (ADC) is an essential building block for every nomadic system. For these applications,
ensuring very low power while providing medium-high resolution (9-14 bit) over a signal bandwidth up to about 1
MHz is the goal. Among all the ADC architectures, successive
approximation register (SAR) converters and Σ∆ modulators
are the best candidates to satisfy the above requirements.
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VO1

ROUT
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CS

ROUT
A

I

A
I
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Fig. 12. Conceptual scheme of the proposed voltage reference.

The power consumed by a data converter depends on the
architecture, but also on the number of bits and on the
conversion rate. In order to measure the power effectiveness,
we use the Figure of Merit (FoM). It is defined as
FoM =

P
2 Nb 2 fb

(4)

where P is the consumed power, Nb the effective number
of bits, and fb the signal bandwidth. According to the FoM
definition, it is expected that the power doubles for an increase
of the resolution by 1 bit or a 2x extension of the signal
bandwidth. A good FoM was in the order of 1 pJ/conversionlevel a decade ago, but now we are going in the direction of
fJ/conversion-level.
In a SAR ADC, whose conventional scheme is given in
Fig. 13, the conversion starts with the sampling of the input
signal and requires one clock period per bit. Therefore, the
sampling rate is lower than the clock rate by a factor at least
(N + 1), being N the resolution of the ADC. For minimum
power consumption, it is necessary to minimize all the power
sources. The dominant sources of power dissipation in a
SAR converter are the voltage comparator, the switching of
the capacitor array, and the logic controlling the converter

VDD

MP2

1:N

MLDO

Ro

LOOP CONTROL

MP1

VDD

MP2

1:N

R1

(3)

Supposing to have an output voltage of 200 mV, 300 mV
across the PMOS diode, the voltage on the top of the core
can go down to 0.5 V. The second constraint that limits the
supply voltage comes from the control loop. Its inputs are
the generated references (i.e., 200 mV), the output is VX , a
voltage that must be close to the supply voltage to keep it at
minimum. Supposing to allow a 100-mV budget, the circuit
supply voltage can be as low as 0.6 V. However, designing a
conventional op-amp or a transconductance amplifier with a
supply voltage of 0.6 V is problematic even with technologies
that provide transistors with low thresholds.
The solution is the one shown in Fig. 12: it uses the
sampled-data amplifier whose details have been discussed
in the previous sub-Section. The circuit controls the voltage
biasing of the core using the LDO method by means of the
sampled data amplifier.
The voltage reference generator reported in [26], implemented with a standard 0.18-µm CMOS technology, achieves a
temperature coefficient (TC) of 43 ppm/◦ C in the temperature
range 0 − 120◦ C and consumes 390 nW. The nominal supply
voltage is 0.8 V, but the circuit operates properly down to
0.65 V.
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+
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LOGIC

Switches Control
Vin VR+ VR-

Fig. 11. Reverse reference core and its control loop.
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Fig. 13. A fully differential SAR ADC block diagram.
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Fig. 14. Block diagram and timing of the SAR ADC reported in [32].
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Fig. 15. Block diagram of the Σ∆ modulator reported in [10].

operation. Many works in the open literature addressed the
reduction of the DAC switching power issue, among them
[27]–[29]. These techniques reduce the required switching
energy by at least 70% with respect to the conventional
switching algorithm. Nowadays, the power required by the
digital logic is significant. Even the comparator is an important element and methods addressing its power consumption
achieve good results, [30]. The work reported in [31] uses
a non conventional time-domain comparator and a custom
designed logic to achieve 9.4-bit over 50-kHz bandwidth
with a power consumption of 3.8 µW. The achieved Figure
of Merit (FoM) is 56 fJ/conversion-level. More recently, a
10-bit ultra-low power SAR ADC has been reported, [32].
The architecture, shown in Fig. 14, consists of a coarse and
a fine SAR ADCs. The 2-bit coarse SAR presets the two
MSB capacitive arrays of the fine SAR, thus avoiding the
greatest sources of dynamic power consumption. The use of
two low resolution comparators in the coarse converter enables
compensating for the offset mismatches between the coarse
and fine ADCs. The comparator of the fine SAR obtains high
sensitivity and very low power thanks to a gain enhanced
dynamic pre-amplifier. A loop delay line generates all the
required logic controls, making the logic simpler. Working
at 0.8-V supply, the total power consumption is 200 nW. At
200 kS/s the measured ENoB is 9.05, leading to a FoM as low
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as 1.88 fJ/conversion-level.
For resolutions beyond 12 bit, exploiting oversampling and
noise shaping can give rise to more effective low-power
implementations, [33]. Σ∆ modulators can achieve low-power
by an optimal choice of oversampling ratio and number of
bits of the quantizer. Moreover, it is possible to diminish the
power consumption by using a number of op-amps lower
than the order of the modulator. References [34] and [35]
describe a second-order modulator realized with only one opamp and a third-order modulator implemented with two opamps, respectively. To further optimize the power efficiency,
the work reported in [10] presents a scheme, shown in Fig.
15, that realizes a third-order noise shaping with only one
op-amp working in time-interleaved fashion. It uses a 5-bit
quantizer and a technique that limits the op-amp output swing
which, in turn, reduces the slew-rate specifications. The circuit
provides 84-dB SNDR and 88-dB dynamic range in a signal
bandwidth of 100 kHz and clock at 3.2 MHz. The 1.5-V
supplied prototype dissipates 140 µW achieving a FoM of
54 fJ/conversion-level.
V. Conclusion
What described in this paper offers a future scenario where
a large number of nomadic systems, part of them connected
together through internet (IoT), that very often will be autonomous. For these systems, harvesting power, the use of
low voltage, and consuming ultra low power will be essential.
The above survey of low voltage ultra low power analog design
strategies helps in understanding the challenges that the analog
designer will be required to face.
References
[1] J.A. Rogers, “Bio-integrated electronics”, IEEE International Electron
Devices Meeting (IEDM, pp. 1.1.1–1.1.4, Dec. 2012.
[2] S. Roundy, E.S. Leland, J. Baker, E. Carleton, E. Reilly, E. Lai, B. Otis,
J.M. Rabaey, P.K. Wright, and V. Sundararajan, “Improving power output
for vibration-based energy scavengers”, IEEE Pervasive Computing, nr. 4,
pp. 28–36, 2005.

409

IEEE Catalog Number CFP16LAS-ART

VII Latin American Symposium on Circuits and Systems (LASCAS) 2016
[3] G.A. Rincon-Mora, “Harvesting Microelectronic Circuits”, Energy Harvesting Technologies (Editors: S. Priya & D.J. Inman), Springer,
Jan. 2009.
[4] S. Basagni, M.Y. Naderi, C. Petrioli and D. Spenza, “Wireless Sensor
Networks With Energy Harvesting”, in Mobile Ad Hoc Networking:
Cutting Edge Directions, Chapter 20, John Wiley & Sons Inc., Hoboken,
NJ, 2012.
[5] R. G. H. Eschauzier and J. H. Huijsing, “Frequency Compensation Techniques for Low-Power Operational Amplifiers”. Boston, MA: Kluwer,
1995.
[6] R. G. H. Eschauzier, L. P. T. Kerklaan, and J. H. Huijsing, “A 100MHz 100-dB operational amplifier with multipath nested Miller compensation structure”, IEEE J. Solid-State Circuits, vol. 27, pp. 1709–1717,
Dec. 1992.
[7] F.You, S.H.K. Embabi, and E. Snchez-Sinencio, “Multistageamplifier
topologies with nested Gm-C compensation”, IEEE J. Solid-State Circuits, vol. 32, pp. 2000–2011, Dec. 1997.
[8] A. Pena Perez and F. Maloberti, “Performance Enhanced Op-Amp for
65nm CMOS Technologies and Below”, IEEE International Symposium
on Circuits and Systems (ISCAS), pp. 201–204, May 2012.
[9] A. Pena Perez, Y.B. Nithin Kumar, E. Bonizzoni, F. Maloberti, “SlewRate and Gain Enhancement in Two Stage Operational Amplifiers”, IEEE
International Symposium on Circuits and Systems (ISCAS), pp. 2485–
2488, May 2009.
[10] A. Pena Perez, E. Bonizzoni, and F. Maloberti, ”A 88 dB DR, 84
dB SNDR Very Low-Power Single Op-Amp Third-Order Sigma-Delta
Modulator”, IEEE Journal of Solid-State Circuits, vol. 47, pp. 2107–
2118, Sept. 2012.
[11] K.R. Laker, W. M. C. Sansen, “Design Of Analog Integrated Circuits
And Systems”, McGraw-Hill, 1994.
[12] R. Schreier and G.C. Temes, “Understanding Delta-Sigma Data Converters”, New York: Wiley-IEEE, 2005.
[13] V. Quiquempoix, P. Deval, A. Barreto, G. Bellini, J. Markus, J. Silva,
and G.C. Temes, “A low-power 22-bit incremental ADC”, IEEE Journal
of Solid-State Circuits, vol. 41, no. 7, pp. 1562–1571, May 2005.
[14] P.B. Basyurt, D.Y. Aksin, E. Bonizzoni, F. Maloberti, “Sampled-Data
Operational Amplifier with Ultra-Low Supply Voltage and Sub uW Power
Consumption”, Proc. of IEEE International Symposium on Circuits and
Systems (ISCAS), pp. 1893–1896, May 2014.
[15] H. Banba, H. Shiga, A. Umezawa, T. Miyaba, T. Tanzawa, S. Atsumi,
and K. Sakui, “A CMOS bandgap reference circuit with sub-1V operation”, IEEE Journal of Solid-State Circuits, vol. 34, no. 5, pp. 670–674,
May 1999.
[16] P. Malcovati, F. Maloberti, C. Fiocchi, and M. Pruzzi, “Curvaturecompensated BiCMOS bandgap with 1-V supply voltage“, IEEE Journal
of Solid-State Circuits vol. 36, no. 7, pp.1076 –1081, July 2001.
[17] K. N. Leung and P. K. T Mok, “A Sub-1-V 15-ppm/◦ C CMOS bandgap
voltage reference without requiring low threshold voltage device”, IEEE
Journal of Solid-State Circuits, vol. 37, no. 4, pp. 526–530, Apr. 2002.
[18] G. Giustolisi, G. Palumbo, M. Criscione, and F. Cutri “A low voltage
low power voltage reference based on subthreshold MOSTFEs”, IEEE
Journal of Solid-State Circuits, vol. 38, no. 1, pp. 151–154, Jan. 2003.
[19] P. H. Huang, H. Lin, and Y. T. Lin, “A simple subthreshold CMOS
voltage reference circuit with channel length modulation compensation”,
IEEE Transactions on Circuits and Systems II: Express Briefs, vol. 53,
no. 9, pp. 881–885, Sept. 2006.
[20] K.N. Leung, and P.K.T. Mok, “A CMOS voltage reference based on
weighted ∆VGS for CMOS low-dropout regulators”, IEEE Journal of
Solid-State Circuits, vol. 37, no. 1, pp. 146–150, Apr. 2003.
[21] G. De Vita, G. Iannaccone, “A sub-1V 10 ppm/◦ C nanopower voltage
reference”, IEEE Journal of Solid-State Circuits, vol. 42, no. 7, pp.1536–
1542, July 2007.
[22] K. Ueno, T. Hirose, T. Asai, “A 300 nW 15 ppm/◦ C CMOS voltage
reference consisting of subthreshold MOSFETs”, IEEE Journal of SolidState Circuits, vol. 44, no. 7, pp. 2047–2054, July 2009.
[23] L. Magnelli, F. Crupi, P. Corsonello, C. Pace, and G. Iannaccone, “A
2.6nW, 0.45 V temperature compensated subthreshold CMOS voltage
reference”, IEEE Journal of Solid-State Circuits, vol. 46, no. 2, pp. 465–
474, Feb. 2011.
[24] V. Ivanov, R. Brederlow, and J. Gerber, “An ultra low power bandgap
operational at supply from 0.75 V”, IEEE Journal of Solid-State Circuits,
vol. 47, no. 7, pp. 1515–1523, July 2012.
[25] A. Shrivastava, K. Craig, N. E. Roberts, D. D. Wentzloff, and B. H. Calhoun, “A 32nW bandgap reference voltage operational from 0.5V supply

ISBN 978-1-4673-7835-2/16/$31.00©2016 IEEE

for ultra-low power systems”, IEEE International Solid-State Circuits
Conference Dig. Tech. Pap., pp. 94–96, Feb. 2015.
[26] P.B. Basyurt, E. Bonizzoni, D.Y. Aksin and F. Maloberti, “Voltage
reference architectures for low-supply-voltage low-power applications”,
Microelectronics Journal, vol. 46, no. 11, pp. 1012–1019, Nov. 2015.
[27] W.Y. Pang, C.S. Wang, Y.K. Chang, N.K. Chou, and C.K.Wang, “A
10-bit 500-KS/s low power SAR ADC with splitting capacitor for
bio-medical applications”, in Proc. of IEEE Asian Solid-State Circuits
Conference, pp. 149–152, Nov. 2009.
[28] C. C. Liu, S. J. Chang, G. Y. Huang, and Y. Z. Lin, “A 10-bit 50MS/s SAR ADC with a monotonic capacitor switching procedure”, IEEE
Journal of Solid-State Circuits, vol. 45, no. 4, pp. 731–740, Apr. 2010.
[29] Y. Zhu, C.-H. Chan, U.-F. Chio, S.-W. Sin, S.-P. U, R.P. Martins, and
F. Maloberti, “A 10-bit 100-MS/s reference-free SAR ADC in 90 nm
CMOS”, IEEE Journal of Solid-State Circuits, vol. 45, no. 6, pp. 1111–
1121, Jun. 2010.
[30] M. Ahmadi and W. Namgoong, “Comparator power minimization analysis for SAR ADC using multiple comparators”, IEEE Transactions on
Circuits and Systems - I, vol. 62, no. 10, pp. 2369–2379, 2015.
[31] A. Agnes, E. Bonizzoni, P. Malcovati, F. Maloberti, “An ultra-low power
successive approximation A/D converter with timedomain comparator”,
Analog Integrated Circuits and Signal Processing, Springer, Vol. 64,
No. 2, pp. 183–190, Aug. 2010.
[32] Y. Zhang, E. Bonizzoni, and F. Maloberti, “A 10-bit, 200-kS/s, 250-nA
Self-Clocked Coarse-Fine SAR ADC”, to appear in IEEE Transactions
on Circuits and Systems - II, 2016.
[33] S.R. Norsworthy, R. Schreirer, and C.G. Temes, ”Delta-Sigma Data
Converters: Theory, Design, and Simulation”,Wiley-IEEE Press, 1997.
[34] J. Koh, Y. Choi, and G. Gomez, “A 66 dB DR 1.2 V 1.2 mW
single- amplifier double-sampling 2nd-order ADC for WCDMA in 90 nm
CMOS”, IEEE International Solid-State Circuits Conference Dig. Tech.
Pap., pp. 170–171, Feb. 2005.
[35] E. Bonizzoni, A. Pena-Perez, F. Maloberti, and M.A. Garcia-Andrade,
“Two op-amps third-order sigma-delta modulator with 61-dB SNDR,
6-MHz bandwidth and 6-mW power consumption”, Analog Integrated
Circuits and Signal Processing, Springer, vol. 66, no. 3, pp. 381–388,
Sept. 2010.

410

IEEE Catalog Number CFP16LAS-ART

