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Ultra Low Power Event-Driven Sensor Interfaces
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Abstract— This paper reviews several examples of ultra low
power sensor interfaces for IoT applications. In such applications,
the sensing operation is often performed at a relatively low
frequency, and sometimes it is heavily duty-cycled, or it should be
triggered by particular events or thresholds. The paper reviews
why dynamic sensor interface architectures are a good choice in
this context, and gives several design examples that can operate
dynamically and that can be triggered by a single clock pulse.
Suitable ADC design strategies are explained, and two exemplary
sensor interfaces are described: a capacitive sensor interface, and
a resistor-based temperature sensor interface including analog
correction techniques. Both designs are reviewed and the main
features in terms of efficiency and performance are discussed.

I. INTRODUCTION

Sensor interfaces appear in all kinds of forms and for a
large variety of applications in electronic systems: from high-
precision industrial or medical sensors, to high-bandwidth
ultrasound or RF sensors, to high data-rate large-array image
sensors, down to low-speed environmental sensors. The focus
of this paper is on environmental sensors for Internet-of-
Things (IoT) applications, where power consumption is often
critical due to battery constraints. Instead of giving a broad
literature overview, this work summarizes some of the basic
challenges and design approaches to minimize power con-
sumption, and it recapitulates a few sensor interface examples
following the same basic architectural principles.

While there are many different types of environmental
sensors that can be of interest for IoT, such as pressure sensors,
humidity sensors, and light sensors, Fig. 1 shows a literature
survey of temperature sensors [1] as an example. As can
be expected, temperature sensor interfaces with a finer (i.e.:
better) resolution in degrees Kelvin tend to consume more
energy per conversion. In fact, based on the resolution Figure-
of-Merit (FoM) [1], a tenfold improvement in resolution will
cost 100× as much energy, due to the inherent scaling of
a circuit’s energy consumption as function of its signal-to-
noise ratio (SNR). As a result, it can be observed in the figure
that high-precision sensors (resolution better than 1 mK) may
consume an energy in the order of µJ’s per measurement, while
sensors with relaxed resolution can have a consumption below
1 pJ. Even though the figure only considers temperature sen-
sors, a similar trend also applies to other sensor applications.
Considering the scope of this work is for energy-constrained
IoT applications, the main challenge that will be discussed
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is how to minimize the energy consumption of the sensor
interface down to the pJ level, while maintaining an acceptable
resolution.
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Fig. 1. Temperature sensor survey. Data from [1].

The organization of this paper is as follows: Section II
describes the overall system considerations for a low-power
sensor readout interface, and proposes to use dynamic readout
circuitry. Next, Section III studies which ADC architectures
are most suitable in such a scenario, and it describes the key
challenges to minimize the power consumption at the system
level. After that, having discussed the generic components,
Sections IV and V will recapitulate a few concrete design
examples for capacitive and resistive sensor interfaces, respec-
tively. Lastly, conclusions are drawn in Section VI.

II. SENSOR READOUT CONSIDERATIONS

A simplified (abstract) view of a sensor readout interface is
shown in Fig. 2. The transducer element converts the physical
parameter of interest (such as temperature or humidity) to an
electrical quantity (such as current, resistance, or capacitance).
At the end of the system, an Analog-to-Digital Converter
(ADC) is used to convert the sensed parameter to the digital
domain. Usually, some form of interface is required between
these blocks. Firstly, because most sensors are passive and
thus some form of biasing or excitation is required to obtain a
response that can be digitized. Secondly, the interface may
help to amplify the sensed signal to ease the digitization
process. In practice, some implementations use the structure
as shown in the figure, but it is also possible that the functions
are highly intertwined.

In terms of sensor challenges, a first aspect is that many
transducers have a relatively high nominal value, while they
have a relatively small variation as function of the sensed
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Fig. 2. Sensor, interface and ADC.

parameter. This implies that only a fraction of the “full range”
is used. For instance, a temperature-sensitive resistance as
can be integrated in modern CMOS technologies may have
a variation of only 10% to 20% over a temperature range
of 100 ◦C. Besides that, the transducer elements also have
spread due to manufacturing tolerances. For instance, for on-
chip resistors, the random mismatch and process corners can
also account for a variation in the order of 10% to 20%. Due to
these effects, the sensor interface often needs to accommodate
a much larger range than the useful range, and calibration is
necessary to counteract manufacturing variations.

In the context of environmental monitoring for IoT, the
sampling rate can often be relatively low. Dependent on what
is being measured, a sensing rate of 1 kHz (or even far below
that) might be more than sufficient. Considering the energy
per measurement may be as low as a few pJ, this implies
that the expected average power consumption should be in
the order of nW’s. With classical analog design, using static
biasing techniques, such a power consumption level is not
easily reachable due to leakage and high variability in deep
sub-threshold operation. For that reason, it becomes more
attractive to use circuits with dynamic operation, or to duty-
cycle the parts of the circuitry that would otherwise use static
biasing. In that way, the power consumption becomes fully
dynamic, enabling further down-scaling at low frequencies.

A last consideration is the required clocking for the sensor
interface. Many interfaces use oversampling to achieve good
resolution with relatively relaxed hardware. While that is an
effective and efficient solution, it is not always practical for
IoT due to the required clock. For instance, if parameters are
to be monitored while a large part of the system is in sleep,
or if a measurement is performed only once in a while, it is
much more convenient at the system level if this can be done
with a single clock pulse. For that reason, interfaces that can
operate from a single (or a limited) set of clock pulses are
preferred over highly oversampled interfaces.

III. POWER EFFICIENT ADCS FOR DYNAMIC SENSOR
INTERFACES

To select an appropriate ADC architecture, a literature
survey of ADCs is given in Fig. 3 [2], which shows the ADC
energy consumption per conversion as function of the reso-
lution, expressed in terms of Signal-to-Noise-and-Distortion
Ratio (SNDR). The Schreier FoM trend line indicates ADCs
with a similar efficiency. As such, it can be deducted that for
medium resolutions (in the order of 50 to 80 dB, equivalent
to approximately 8 to 13 bit of performance), Successive
Approximation Register (SAR) ADCs or hybrid ADCs that
are partially based on a SAR converter tend to be the most
efficient solution. Also in an absolute sense, the SAR ADC

achieves the lowest energy per conversion. On the contrary, for
very high resolutions, other ADC architectures (most notably
Sigma-Delta ADCs) tend to be a better alternative.
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Fig. 3. ADC survey. Data from [2].

Apart from the high efficiency at medium resolutions, the
SAR ADC has a few further advantages compared to alter-
native architectures. First, it is a Nyquist-rate converter and
thus does not need oversampling. If the sequential conversion
process is done by means of self-synchronization [3], [4], [5],
a single external clock pulse is sufficient to perform the entire
conversion, which is convenient for event-based IoT systems.
Furthermore, commonly used SAR ADC implementations
only use dynamic circuits and thus have no static power
consumption (except for leakage), which enables a very low
absolute power when operating at low sampling rates.

An example of a basic SAR ADC is shown in Fig. 4,
where an N-bit differential charge-redistribution DAC, a single
comparator, and digital logic compose the overall system.
After sampling the input signal, the logic controls the SAR
operation based on sequential comparisons to find the N-
bit output code in N steps. To perform a binary search, the
capacitors are binary-scaled multiples of a unit element (Cu).

Cp 2     Cu
N-1 2Cu Cu

VREF

VREF

Vin Logic Dout

Fig. 4. Basic charge-redistribution SAR ADC topology.

While not strictly necessary, the reference voltage for the
DAC (VREF ) is often set to the supply level (VDD) for
simplicity. Ideally that would result in an ADC with a rail-to-
rail input range, but this range can be reduced by intentionally
adding parasitic capacitance (Cp). In that way, the ADC range
could be reduced to match the expected sensor output range.



Alternatively, an amplifier could be used to match the sensor
range to the ADC range, but unless a dynamic-biased amplifier
is used [6], that would obstruct the dynamic consumption of
the system. Another challenge of an intermediate amplifier is
that it could suffer from inaccurate gain and PVT variations,
which may result in more complex calibration or compensa-
tion.

From system perspective, the ADC is best designed with
the highest possible input impedance (i.e.: with the smallest
possible value of the total DAC capacitance), since it min-
imizes loading and thus minimizes the consumption in the
sensor frontend. However, the minimum capacitance is limited
by the noise requirements (kT/C noise due to sampling) and
by capacitor mismatch, which induces non-linearity.

In order to make small-sized binary-scaled capacitors with
decent matching, a unit-length capacitor layout technique was
proposed in [7]. As sketched in Fig. 5, each capacitor Ci is
in fact composed of two elements, Ci and Ci’, that are nearly
identical except for a length difference 2i∆. At schematic
level, these two elements are always switched with an op-
posite signal polarity, which effectively creates a capacitance
value that is defined by the difference Ci − Ci’ of the two
elements. The first advantage of this approach is that this can
create very small effective capacitors, since ∆ can be made
much smaller compared to the total size of each metal strip.
Secondly, one can now make accurate binary-scaled capacitors
by scaling ∆ rather than by connecting multiple capacitors
in parallel. This results in a more area-efficient solution and
reduced interconnect overhead. A drawback of the unit-length
method for generic ADCs is that the total capacitance is much
larger than the effective capacitance (since large elements are
subtracted from each other). Effectively this results in a high
value for Cp and thus limits the full-scale range. However, in
the context of a sensor interface with a limited expected signal
swing, that is actually not an issue.
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∆
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Fig. 5. Capacitive DAC implementation with unit-length elements [7].

IV. A DYNAMIC CAPACITIVE SENSOR INTERFACE

According to the general principles explained in the pre-
vious sections, this section discusses the implementation
of a fully dynamic capacitive sensor interface, also called
Capacitance-to-Digital Converter (CDC). Some capacitive sen-
sors, like MEMS-based pressure sensors, have a single capac-
itor element, of which the value changes as function of the
applied pressure. On the other hand, for instance MEMS-based
accelerometers, often have two capacitive elements, where one

element increases in value while the other one decreases in
value as function of the acceleration. To enable operation with
both single-ended and differential sensors, the interface as
shown in Fig. 6 was developed [8]. Either a differential sensor
(indicated by Cd+, Cd−) is connected, or a single-ended sensor
(indicated by Cs) is connected. In the second case, an on-
chip reference element (Cr) is used, while Cr is disconnected
for differential sensors. The output of the capacitive divider
(or half-bridge structure) is directly sampled by one of the
two DAC capacitors in the ADC (since it has a differential
implementation).

Cd-

Cd+

Cs

Cr Vc

VDD VSS

VDD VSS

Cdac-

Cdac+

Dout

On-Chip

SAR ADC

Fig. 6. Dynamic Capacitance-to-Digital-Converter from [8].

In terms of operation, all capacitors are first discharged by
means of reset switches (not shown in the figure). Next, the
supply voltage is applied to the sensor bridge, while the first
DAC capacitance is connected. As a result, the voltage Vc

that is established and sampled on the DAC is a function of
the value of the sensing capacitor, and it is also proportional
to the applied supply voltage VDD . In a second phase, the
same procedure is repeated, but now the voltage polarity to the
sensor bridge is reversed, while the second DAC capacitance
is now connected. As a result, the second sample will have
an inverted polarity, which (together with the first sample)
results in a differential signal. After those two phases, the AD
conversion is performed asynchronously and a digital code as
function of the sensed capacitance is produced. Optionally,
one could repeat such a two-step measurement but then with
reversed DAC connections. If those two results are combined,
a system-level correlated double-sampling (CDS) is achieved,
which is able to cancel out ADC offset and 1/f noise. To
improve resolution beyond the nominal value of a single
measurement, the system can be oversampled and results can
be averaged, which would result in constant-FoM scaling, at
the cost of requiring multiple clock cycles, taking more time,
and requiring post-processing to accumulate multiple results.

Since the reference voltage of the DAC is identical to the
voltage applied to the sensor bridge, a ratiometric measure-
ment is obtained. This implies that, to the first order, supply
variations are automatically canceled out at system level.
Since Cdac loads the sensor bridge, effectively attenuating
the voltage level Vc, it should be relatively small compared
to the sensing elements. In the implemented 10 bit design,
Cdac is programmable from 300 fF up to 1.2 pF to enable
programmability of the sensing range. Moreover, Cr is also



programmable to enable a larger range of nominal sensor
capacitances Cs.

Since all circuits have only dynamic power consumption,
the interface can scale down to a very low absolute power
consumption of 0.1 nW at low sampling rates. The energy per
conversion is mostly dominated by the CV 2 term caused by
the sensor itself since most sensors have a relatively large
capacitance, and is in the order of 4 to 20 pJ/conversion.
Based on this observation, a second implementation was made
with as aim to re-use the charge in the sensing capacitance
as much as possible. To do so, the capacitors in the system
are not anymore reset at every measurement, but instead the
charge is maintained on the sensor and ADC capacitors from
one measurement to the next. If there is no leakage, it can
be shown that this will result in exactly the same voltage
Vc as previously, thanks to the conservation of charges [9].
Since the large sensing capacitors are not anymore discharged
and charged for every conversion, this results in major power
savings. Unfortunately, due to capacitor leakage (mostly due to
the connected switches), one cannot re-use charge indefinitely.
Therefore, once every few measurements a reset is necessary
to re-establish the charges. By doing so, the energy per
conversion in [9] could be reduced down to between 1 and
4 pJ/conversion, while the leakage consumption was further
reduced to 44 pW.

V. A DYNAMIC RESISTIVE TEMPERATURE SENSOR
INTERFACE

As a second example, this section discusses the imple-
mentation of a fully dynamic resistive temperature sensor
interface, using a similar design philosophy as before. While
different on-chip components (such as bipolar transistors,
diodes, and resistors) are temperature sensitive and can thus
be used in principle as a temperature sensing element, resistor-
based sensors are known to be relatively power efficient [1].
The overall temperature sensor interface is shown in Fig.
7, where the on-chip resistive bridge is composed of two
resistors with a positive temperature coefficient (Rp) and two
resistors with a constant or negative temperature coefficient
(Rn) [10]. Compared to the CDC in Section IV, this bridge is
differential, and thus a single clock pulse is sufficient to sample
a differential output voltage Vout, which is now a function of
temperature, on the SAR ADC for digitization. However, since
the resistive bridge has static power consumption, it is essential
to duty-cycle it to achieve overall dynamic behavior. Assuming
(for simplicity) that the nominal values of Rp and Rn are equal
to R0, the power consumption in the on-state is proportional to
V 2

DD/R0 and the time-constant of the system is proportional
to R0(Cp +Cdac). For a finite settling error, the bridge should
be enabled for a number of RC constants, and thus the energy
for a single measurement is proportional to the product of on-
state power consumption and the RC time, which is hence
proportional to (Cp + Cdac)V

2
DD . Importantly, this equation

for energy consumption is independent from R0. Therefore, its
value can be chosen relatively small (to save chip area), while
still achieving low power consumption. In fact, a small R0 also

reduces its parasitic capacitance Cp which effectively lowers
the energy consumption. Ultimately, the consumption is only
limited by Cdac, which is bounded by the required resolution
due to kT/C noise. As in case of the CDC, this system is
also ratiometric, CDS can be applied as well to compensate
ADC offset and 1/f noise, and oversampling could be used to
achieve constant-FoM scaling of energy consumption versus
resolution.

Rp

Rn

Rn

Rp

Vout

VDD VSS

VDD VSS

Cp

Cp

Cdac-

Cdac+

Dout

On-Chip

SAR ADC

Fig. 7. Dynamic Temperature-to-Digital-Converter from [10].

The initial design, published in [10], achieves an energy
consumption of approximately 5 pJ per conversion (including
CDS), which scales down with the sampling rate down to
a leakage level below 0.2nW, while achieving a resolution
of 0.61 ◦C. In an improved prototype [11], the resistors
in the bridge were optimized for better sensitivity and the
ADC was changed to the unit-length topology to reduce Cdac

and to save area. Furthermore, power gating was added to
reduce the leakage consumption further. As a result, the energy
consumption was reduced to about 2.2 pJ per conversion
(including CDS) and leakage was reduced to 52 pW while
the resolution was simultaneously improved to 0.53 ◦C and
the chip area was reduced to only 36 µm × 46 µm.

A disadvantage of the above sensor interfaces (which also
applies to most other interfaces that can be found in literature)
is that they do require calibration to compensate for e.g. offset,
gain errors and non linearities. It should be noted (in the
context of Fig. 1), that for high-resolution sensor interfaces
(consuming in the order of µW’s per conversion), there is a
reasonable energy budget available for such corrections with-
out causing too much overhead. On the other hand, for the low-
power interfaces discussed in this paper (with a consumption
in the order of pJ’s), the acceptable budget for calibration is
very small. Therefore, [12] and [13] investigated the feasibility
of analog compensation of the various sensor imperfections.
Ultimately, offset, gain and distortion could be compensated by
re-using the capacitors in the SAR ADC’s DAC and by adding
a few additional capacitors and logic gates. This solution is
attractive because the re-use minimizes area overhead. Further,
the DAC capacitors are very small (with a unit element of
125aF) and the DAC can create many steps, thus enabling low
power consumption and precise tuning. Lastly, the capacitor
values are stable, and thus the compensation remains accurate
over varying conditions.



The compensation by means of the capacitive DAC is
essentially performed as follows [13]: the sensor bridge offset
is compensated by pre-setting the DAC in the tracking phase
to an equivalent offset value. After sampling, the DAC is
reset to the nominal value, which effectively subtracts the
offset from the sampled value before the AD conversion is
performed. The sensor bridge gain error is simply compensated
by adding a programmable Cp (as shown in Fig. 4), which
effectively adjusts the gain of the ADC to counteract the gain
error of the sensor bridge. The non-linearity of the bridge is
predominantly second order distortion, which is inherent to
the resistive bridge topology [13]. This error is compensated
by adding an opposite piece-wise linear function to the DAC
by means of a few logic gates and capacitors. Overall, this
design with integrated compensation of the sensor bridge
errors increases the energy consumption to almost 3 pJ per
conversion (including CDS) but the resolution was improved
to 0.47 ◦C such that the FoM is degraded by less than 10%
and no external processing is required anymore.

VI. CONCLUSION

In this paper, architectural choices to develop low-power
sensor interfaces were discussed, and various prototypes for
capacitive and resistive sensor interfaces were reviewed. Fully
dynamic operation is highlighted as a main feature to achieve a
low absolute power consumption, with an inherent adaptability
as function of the required sampling rate, the option to use
correlated double sampling and the option to use constant-
FoM oversampling to improve resolution if required. Since
the operation of dynamic circuits depends on CV 2 terms,
minimizing the DAC capacitance in the applied SAR ADC is
imperative to reach the best possible efficiency. All presented
designs benefit from ratiometric operation to minimize the
impact of supply variations on the measurement result. Lastly,
it was also shown that compensation of sensor variability (in
terms of offsets, gain errors, and systematic distortion terms)
can be done efficiently by mostly re-using the already available
components in the ADC.
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