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A 0.32 nW–1.07 μW All-Dynamic Versatile
Resistive Sensor Interface With System-Level
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Haoming Xin , Peter Baltus , Senior Member, IEEE, Eugenio Cantatore , Fellow, IEEE,

and Pieter Harpe , Senior Member, IEEE

Abstract— An ultra-low power, energy efficient, and versatile
resistive sensor interface for energy constrained internet-of-things
applications is presented. The sensor interface includes an effi-
ciently duty-cycled current digital-to-analog converter (I-DAC)
and an asynchronous successive approximation register (SAR)
analog-to-digital converter (ADC), which enables a fully-dynamic
operation. A fast start-up circuit is used in the duty-cycled I-DAC
to speed up the start-up procedure and to minimize the energy
consumption. A system-level correlated double sampling (CDS)
technique is employed to suppress ADC offset and 1/ f noise.
To tackle the limited robustness against supply and tempera-
ture variations observed in a previous implementation of the
sensor interface, a system-level ratiometric measurement (SRM)
approach is employed in an updated design, which is described
here in detail. The chip is fabricated in 65nm CMOS tech-
nology. Thanks to the all-dynamic nature, measurement rates
from 0.1S/s to 12.5kS/s can be supported with an inherent
scaling of power over 3 orders of magnitude. A reported lowest
power consumption of 0.32nW is achieved at 0.1S/s. Adaptable
resolution with efficient scaling of power can also be achieved
by adjusting sensor interface settings and/or using oversampling
and averaging. The achieved figure-of-merit (FoM), which ranges
from 98 to 552fJ/conv-step is also the lowest among prior designs.
Thanks to the SRM approach, only 3.6%/V and 21ppm/◦C supply
and temperature sensitivity are obtained, respectively.

Index Terms— Dynamic, duty-cycling, Internet-of-Things
(IoT), resistive sensor interface, robustness, successive approx-
imation register (SAR) analog-to-digital converter (ADC),
system-level ratiometric measurement (SRM).

I. INTRODUCTION

DUE to the stringent physical size limitation, emerging
internet-of-things (IoT) applications such as implantable

and ingestible biomedical sensor devices [1], [2], unobtrusive
wearable devices [3], and miniaturized wireless sensor nodes
for unknown environment exploration [4] usually have scarce
energy available. Thus, ultra-low power, energy efficient and
on-demand sensing circuits are needed in these applications.
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Resistive sensors are good candidates to capture various types
of information (e.g. light [5], force [6], pressure [7], humid-
ity [8], and pH [9]) from the environment. Different sensor
types, applications and user scenarios could have different
sensing rate and resolution requirements. Therefore, an ultra-
low power and energy efficient resistive sensor interface is
needed, that can also adapt its sensing performance while
keeping its energy efficiency.

Resistive sensor interfaces that are targeting high dynamic
range [10]–[13] to handle the wide resistance range (k� to
M�) of resistive gas [10] and chemical sensors [11] have
been proposed. However, these designs consume μW level of
power, while for energy constrained applications with a device
size at mm3 scale, the power consumption should ideally be
reduced down to nW-level, such that an operational lifetime
of many years can be supported [14]. A nW-level design [15]
has been proposed by operating the circuit at only 0.3V supply
with a negative charge-pump switch. However, it requires a
relatively long conversion time and its power consumption
is still >462nW. Furthermore, these state-of-the-art designs
have not shown an efficient scalability of power consumption
over a broad performance span. In [11], the sensing rate of
the proposed sensor interface can be scaled >17×. However,
its power consumption can only be scaled by about 2×,
as 7.5μW of static power is consumed due to the subthreshold
leakage [11].

To address the issues mentioned above, an all-dynamic
4-terminal resistive sensor interface is proposed, based on
a previous implementation [9]. It includes an efficiently
duty-cycled current DAC (I-DAC) and an 10b energy effi-
cient asynchronous successive approximation register (SAR)
analog-to-digital converter (ADC). A fast start-up method,
as was proposed in [9], is used to speed up the start-up time
of the duty-cycled I-DAC, which enables a fast conversion
and saves energy. Thanks to the all-dynamic nature, a sensing
rate from 0.1S/s to 12.5kS/s is supported with an efficient
scaling of power consumption over 3 orders of magnitude.
Thanks to the highly minimized leakage power of the entire
sensor interface, a reported lowest power consumption of only
0.32nW is achieved (at minimum sensing rate) for a resistive
sensor interface. The sensing resolution can also be adapted
efficiently from 7�rms to 301�rms by adjusting the sensor
interface settings, and the resolution can be further improved
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by means of oversampling and averaging. State-of-the art
FoMs from 98 to 552fJ/conv-step are achieved thanks to the
efficient duty-cycling technique and the energy efficient SAR
ADC.

Even though a previous version of the sensor interface was
already successfully demonstrated in [9] (resistance sensing
mode), its sensing output showed limited robustness against
supply and temperature variations. To provide a robust output,
a reference component is usually needed, as shown in prior
art [16]–[18]. For instance, an external reference resistor [16]
or an on-chip reference resistor DAC [17] have been used in
prior art to normalize circuit non-idealities due to supply and
temperature variations. However, both these designs require
μA level of static current to bias the reference resistors,
an approach that is not suitable for heavily duty-cycled IoT
applications. As another example, [18] proposed a bang-
bang phase-locked loop architecture. Based on the locking
of 2 identical voltage-controlled oscillators (VCO), ideally
any errors due to circuit non-idealities would be cancelled.
However, the reference VCO needs to be always on, which
degrades the energy efficiency, especially when supply and
temperature variations are slow. Moreover, although robust
outputs are obtained in these designs, 15μW to 124.5μW
of power is consumed, and no efficient duty-cycling of the
readout circuit has been shown.

To tackle these issues, this paper discusses an updated
design (based on [9]) with an additional system-level ratio-
metric measurement (SRM) approach, where the sensor inter-
face is switched to a reference resistor from time to time,
obtaining a reference digital output. This reference output
can then be used to normalize the sensing output in the
digital domain, obtaining a supply and temperature insensitive
measurement output. Thanks to the all-dynamic nature of
the sensor interface, the reference measurement rate can be
flexibly adjusted to the actual use case with an inherent scaling
of power consumption. This is opposed to [16], [17], where the
robustness with a reference resistor is achieved in the analog
domain, which is less flexible and requires static bias cur-
rent. For environment monitoring applications with a battery
powered system, which is the target of this work, the reference
measurement can be performed only once in a while, resulting
in a negligible energy overhead, while still providing sufficient
error compensation. According to measurement results, >20×
better robustness against temperature and supply variations is
achieved compared to the same circuit without SRM.

This paper is organized as follows: the proposed all-dynamic
resistive sensor interface (based on [9]) is introduced in
Section II, the SRM approach is discussed in Section III,
Section IV shows the detailed circuit implementation and opti-
mization, the measurement results are presented in Section V,
and finally the conclusions are drawn in Section VI.

II. ALL-DYNAMIC RESISTIVE SENSOR INTERFACE

A. Architecture

The architecture of the proposed all-dynamic resistive sens-
ing interface [9] is shown in Fig. 1. As the resistance of
many resistive sensors can be as low as a few k� [7], [8]

Fig. 1. Architecture of the all-dynamic 4 terminal resistive sensor inter-
face [9].

or even below 1k� [6], [19], the sensor interface should be
able to measure small resistances accurately to cope with these
sensors. Thus, the 4-terminal sensing method is used, such
that the parasitic resistance (Rp) can be eliminated from the
measurement output. Here, Rp represents the parasitics such as
the contact and lead resistance of the sensing device (Rs) and
the resistance of the on-chip metal traces that connect to Rs .

The interface architecture has two main blocks: an I-DAC
with an on-chip current reference (Iref) and a 10-b asyn-
chronous switched-capacitor SAR ADC. The I-DAC together
with its on-chip current reference is efficiently duty-cycled
to save power, and the details will be introduced in the next
subsection. With a stable stimulation current Ist im flowing
through Rs , the voltage across Rs thus will be proportional
to the value of Rs . Then, this voltage (VP-VN) can be further
sampled and digitized by the asynchronous SAR ADC, which
produces a digital output that is proportional to Rs . Note that
only the aggregated DAC capacitance CDAC of the SAR ADC
is shown in Fig. 1 for simplicity. The switches controlled
by CLK1,2 are used to enable/disable Ist im and to enable
system-level correlated double sampling (CDS). Thanks to the
4-terminal sensing method, the on-resistance of the switches
controlled by CLK1,2 can also be effectively eliminated from
the measurement output. As the I-DAC is efficiently duty-
cycled and the SAR ADC consumes only dynamic power,
the entire interface becomes fully dynamic (except for the
leakage power). Thus, its power consumption can scale inher-
ently with the measurement rate, and an ultra-low power
consumption (≈ leakage power) can automatically be achieved
at low sampling rates. A 0.6V main supply VDD is used
to save both dynamic and leakage power consumption while
providing a sufficiently fast conversion. To further reduce the
leakage power of the I-DAC (including the reference) and
reduce the on-resistance of the NMOS switches, a secondary
1V supply VDDH is used for all the clock drivers, as described
in detail in Section IV-A.

B. Duty-Cycled I-DAC With Fast Start-Up

The simplified schematic of the duty cycled I-DAC with a
simple bootstrapped current reference is shown in Fig. 2 (a).
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Fig. 2. (a) Simplified schematic of the duty cycled I-DAC with on-chip
reference [9], (b) illustration of the fast startup principle.

To deal with different sensing resistance values, the I-DAC
is programmable from 1μA to 31μA with a 1μA step, and
I<4:0> is used to select the Ist im value. Larger currents can
be used for small resistance values with better resolution,
while smaller currents are able to support a larger resistance
range. The I-DAC together with its reference is duty-cycled
with a fast start-up principle [20] to minimize the energy
per measurement, and to speed up the start-up procedure.
As illustrated in Fig. 2 (b), the NMOS-based current mirrors
(fast start-up 1 and 3) are shorted to ground when the I-DAC
is off. When enabled, pre-charged capacitors Cf can then
provide a fast start-up by dumping charge into the gate
capacitor Cg. By proper sizing of Cf, the current mirror
is quickly pre-charged close to the steady-state operation
point. Similarly, the PMOS based current mirror (fast start-
up 2) is shorted to VDD when the I-DAC is off, and its
corresponding Cf is shorted to ground, making it possible
to “absorb” charge for start-up when the I-DAC is enabled.
The aforementioned procedures are controlled by CLKon,
which is provided externally. The values of the Cf capacitors
used for fast start-up circuits 1, 2 and 3 are 360fF, 1.15pF
and 870fF, respectively. According to post-layout simulations,
the combination of Cf and Cg is sufficiently predictable to
reach the steady-state operating point within 8μs after start-
up, even over different process corner, supply voltage and
temperature (PVT) conditions.

Fig. 3. Clock diagram of the proposed sensor interface.

C. Circuit Operation and System-Level CDS

The clock diagram shown in Fig. 3 illustrates the operation
of the proposed resistive sensor interface. First, CLKon goes
high to start up the current reference. Thanks to the fast
start-up method, the current reference is fully settled (>99%
of the steady state operation point) within only 8μs over
different process corners, temperature varying from 0 to 85◦C,
and VDD changing from 0.55 to 0.65V, according to post-
layout simulations. Only 4.4pJ is consumed for start-up at the
nominal PVT condition (with 8μs start-up time). After this,
CLK1 goes high to enable Ist im that flows through Rs , and
CLK1 remains high until VP and VN are fully settled on CDAC.
As will be discussed later in Section IV-B, the total core DAC
capacitance of the SAR ADC is only 0.3pF, which helps a
fast settling of VP and VN. Thus, the on time of Ist im can be
kept short (2μs to 6μs depending on Ist im settings) to save
energy. Then, the ADC samples the voltage and performs the
asynchronous AD conversion at the rising edge of CLKADC
while the entire I-DAC and Iref is switched off to save power.
After the AD conversion delay, the digital code Dout1 is
produced. System-level CDS can be performed by enabling
CLK2 to produce a reversed Ist im . Then, a reversed output
voltage is generated across Rs , which is further sampled and
digitized by the ADC, and a reversed digital code Dout2 is
produced after the conversion delay. By subtracting Dout2
from Dout1, a measurement with system-level CDS (Dcds) is
produced, which can reduce offset and 1/ f noise from the
ADC [21], [22], and it can be calculated as:

Dcds = 2Ist im · Rs · G ADC (1)

where G ADC is the ADC’s input voltage to digital code gain,
which can be calculated as: G ADC = 2N /VF S , where N is the
ADC number of bits, and VF S (∝VDD) is the full-scale input
range of the ADC. It should be noted that system-level CDS
cannot reduce the 1/ f noise from Ist im . The conversion time
of a measurement with CDS is <40μs for all Ist im settings,
providing a maximum measurement rate of 25kS/s.

To provide a robust sensing result, the interface output Dcds

should be insensitive to supply and temperature variations.
While Ist im in this design is relatively supply-independent,
G ADC is actually inversely proportional to VDD. Thus,
the sensed result Dcds becomes sensitive to VDD variations.
At the same time, Dcds also shows temperature sensitivity,
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as Ist im increases with temperature. Then, (1) can be rewritten
as:

Dcds = 2(Ist im + Ie) · Rs · (G ADC + Ge) (2)

where Ie and Ge represent the errors due to supply and tem-
perature variations in Ist im and G ADC , respectively. Assuming
Ie and Ge are much smaller than Ist im and G ADC respectively,
the measured Rs can be calculated as:

Rs,cds = Ds,cds/(2Ist im · G ADC )

≈ Rs + Rs · (Ie/Ist im + Ge/G ADC) (3)

where the second term represents the measurement error
in resistance. Conventionally, these challenges could be
addressed by designing an I-DAC and an ADC conversion
gain that are insensitive to temperature and VDD. However,
this would complicate the analog circuit design and thus
lead to higher power consumption and more challenges in
fast duty-cycling of the system. Therefore, to tackle these
issues, a simple but effective system-level solution is applied to
achieve a system-level ratio-metric measurement (SRM) result,
and the details will be explained in the next section.

III. SYSTEM-LEVEL RATIOMETRIC MEASUREMENT

A. Working Principle

Fig. 4 (a) shows how the SRM approach works in the
proposed all-dynamic resistive sensor interface. First, the resis-
tive sensor interface is switched to a reference resistor Rre f

(SEL = 0), whose resistance is stable over temperature and
supply variations. Then, a reference measurement with Rre f

is performed, which produces a digital output Dr,cds after
system-level CDS:

Dr,cds = 2[Ist im + Ie(t0)] · Rre f · [G ADC + Ge(t0)] (4)

Assuming both Ist im and G ADC are sensitive to both supply
voltage and temperature variations, Ie(t0) and Ge(t0) represent
the errors from Ist im and G ADC at the measurement moment
t0, respectively. Later at t1, the interface is switched to the
sensing resistor Rs (SEL = 1), and another measurement with
Rs is performed, which produces another digital output Ds,cds

after system-level CDS:
Ds,cds = 2[Ist im + Ie(t1)] · Rs · [G ADC + Ge(t1)] (5)

If these two measurements are performed close enough to
each other in time to track the temperature and supply varia-
tions, the values of Ie and Ge for these two measurements can
be assumed to be equal. Then, Dr,cds can be used to normalize
Ds,cds , obtaining a supply and temperature insensitive code
ratio, which can be simplified as: Ds,cds/Dr,cds ≈ Rs/Rre f .
Thus, the Rs value can be obtained by:

Rs,S RM = (Ds,cds/Dr,cds) · Rre f (6)

Since both Ds,cds/Dr,cds and Rre f are insensitive to tem-
perature and supply variations, a robust measurement result is
obtained, without using any complex and/or power consuming
analog circuits. Assuming that Ie and Ge are much smaller

Fig. 4. (a) SRM approach for the all-dynamic resistive sensor interface
(switches for CDS are not shown for simplicity), (b) calculated error suppres-
sion by SRM compared to the case without it.

than Ist im and G ADC , respectively, (6) can be re-calculated
as:

Rs,S RM ≈ Rs + Rs · [ Ie(t1) − Ie(t0)

Ist im
+ Ge(t1) − Ge(t0)

G ADC
] (7)

Comparing this result to (3), a 1st -order high-pass filter is
created on Ie and Ge after SRM. The transfer function of
this filter in z-domain is simply 1 − z−1 with a sampling rate
of 1/(t1 − t0). When the supply and temperature vary very
slowly compared to 1/(t1 − t0), the errors can be effectively
suppressed, as shown in Fig. 4 (b).

According to (6), the supply and temperature sensitivities
of Rre f set the minimum achievable supply and temperature
sensitivities of the sensor interface with SRM. If an off-chip
Rre f is used, a component with low supply and temperature
sensitivity can be selected for best performance. Alternatively,
an on-chip resistor with low temperature coefficient could
be used, for instance a non-silicide n-poly resistor (about
130ppm/◦C) in 65nm CMOS [21]. To further reduce the
temperature coefficient of an on-chip Rre f , the resistor can
be implemented as series connection of two resistors with
opposite temperature coefficients [21]. It should be noted that
in this case, the resistance ratio of the two resistors should
be carefully trimmed to cover the process spread for best
temperature coefficient compensation.

Though an approach similar to SRM has been proposed
in [23] for a capacitive sensor interface, the effect on the noise
and energy consumption when using SRM has not yet been
analysed. This will be discussed in detail in the following
subsections.
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B. Effect on Noise

As the SRM approach includes both reference and sensing
measurements, the final noise level will be different from a
scenario with only one sensing measurement. This subsection
gives a detailed analysis on how the SRM approach affects
the noise level of the proposed sensor interface. Note that the
noise level is independent from the measurement errors due to
supply and temperature variations as was discussed in III-A.
Therefore, they can be analysed separately.

For a measurement with system-level CDS, the digital
output including noise can be calculated as:

Ds,cds = [(2Ist im + In,s) · Rs + Vn,s] · G ADC (8)

where In,s represents the total instantaneous noise current
of Ist im in a measurement with system-level CDS, and Vn,s

represents the total instantaneous input referred noise voltage
of the SAR ADC (including sampling, quantization and com-
parator noise) in a measurement with system-level CDS. The
noise from the sensing resistor Rs will be sampled on the
ADC’s DAC capacitors, which will result in a kT/C noise
contribution, and this noise has been included in Vn,s . Then,
according to (1), the Rs value obtained from Ds,cds including
noise can be calculated as:

Rs,cds = Ds,cds/(2Ist im · G ADC)

= Rs + Rs · In,s/(2Ist im) + Vn,s/(2Ist im) (9)

where Rs · In,s/(2Ist im) and Vn,s/(2Ist im) represent the noise
contributions in resistance from Ist im and the ADC respec-
tively, which are uncorrelated. Assuming the rms values of
In,s and Vn,s are In,rms and Vn,rms , respectively, the total noise
power affecting the resistance measurement can be calculated
as:

R2
n,cds = R2

n,st im + R2
n,ADC (10)

where Rn,st im = Rs · In,rms/(2Ist im) and Rn,ADC =
Vn,rms/(2Ist im). Note that (8-10) refer to a measurement with
system-level CDS. Compared to the case without system-
level CDS, the value of In,rms and Vn,rms is increased by√

2 times (considering only thermal noise for simplicity) in
a measurement with system-level CDS. On the other hand,
a measurement with system-level CDS effectively has 2×
stimulation current compared to the case without it. There-
fore, 3dB better resolution is achieved after system-level
CDS [21], [22].

When the SRM approach is used, the reference measure-
ment should be performed, and its digital output including
noise can be calculated as:

Dr,cds = [(2Ist im + In,r ) · Rre f + Vn,r ] · G ADC (11)

where In,r and Vn,r represent the instantaneous noise from
Ist im and the ADC in this reference measurement after CDS,
respectively, and the rms values of In,r and Vn,r are the same
as In,s and Vn,s , respectively. Substituting (8) and (11) into (6),
the Rs value including noise obtained in this way can be
calculated as:

Rs,S RM = (2Ist im + In,s) · Rs + Vn,s

(2Ist im + In,r ) · Rre f + Vn,r
Rre f (12)

Under the assumption that In,r and In,s are much smaller
than Ist im , and Vn,r and Vn,s are much smaller than Ist im ·Rre f ,
(12) can be further simplified as:
Rs,S RM ≈ Rs + Rs · (In,s − In,r )/(2Ist im)

+ [Vn,s − (Rs/Rre f )Vn,r ]/(2Ist im) (13)

where the second and third term represent the noise contri-
butions in resistance from Ist im and the ADC, respectively.
As indicated by (13), the final noise level after SRM is depen-
dent on the correlation of the noise contributions between the
reference and the sensing measurements.

1) Effect on Uncorrelated (Thermal) Noise: When only the
thermal noise is taken into consideration, In,r and Vn,r will
be uncorrelated with In,s and Vn,s , respectively. In this case,
the total noise power in the resistance measurement after SRM
can be calculated as:

R2
n,S RM = 2 · R2

n,st im + [1 + (Rs/Rre f )
2] · R2

n,ADC (14)

Assuming the sensor interface has an input range from 0 to
Rs,max . Then, according to (14), an Rre f value that equals to
Rs,max should be used to minimize noise. Compared to (10),
the SRM approach has a higher thermal noise level, and the
thermal noise overhead increases with Rs . In the best case
when Rs = 0, Rn,st im becomes 0, and Rn,S RM becomes equal
to Rn,ADC , which is the same as the case without SRM.
Thus, the thermal noise overhead with SRM becomes almost
negligible in this case. However, in the worst case scenario
when Rs = Rs,max (assuming Rre f = Rs,max), the SRM
approach will have about 3dB higher thermal noise compared
to the case without it. To reduce the thermal noise penalty,
oversampling and averaging can be used in the reference
measurement. Assuming an oversampling ratio of OS Rre f is
used in the reference measurement, (6) can be rewritten as:

Rs,S RM_OS R = (Ds,cds/Dr,cds_avg) · Rre f (15)

where Dr,cds_avg is the averaged digital output over these
OS Rre f numbers of reference measurements. Then, the total
noise power in resistance in this case can be calculated as:

R2
n,S RM_OS R = (1 + 1

OS Rre f
) · R2

n,st im

+ [1 + (Rs/Rs,max)
2

OS Rre f
] · R2

n,ADC (16)

Based on this calculation, Fig. 5 shows the worst-case
thermal noise overhead of the SRM approach at differ-
ent OS Rre f values when comparing to the Ds,cds only
approach. As shown, when OS Rre f � 4, the noise overhead
is less than 1dB.

2) Effect on Correlated Noise: On the other hand, if the
reference and the sensing measurements are performed close
to each other, the 1/ f noise contributions of In,r and Vn,r

will be strongly correlated with those of In,s and Vn,s , respec-
tively. In this case, these noise contributions can actually be
compensated by SRM, as indicated by (13). When only the
1/ f noise is taken into account, and assuming that In,r and
Vn,r are completely correlated with In,s and Vn,s respectively,
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Fig. 5. Thermal noise overhead vs. OS Rre f at the worst case (Rs = Rre f =
Rs,max ).

the total noise power in the measured resistance after SRM
becomes:

R2
n,S RM = [1 − (Rs/Rre f )]2 · R2

n,ADC (17)

According to (17), the 1/ f noise from Ist im is fully
cancelled by SRM, while the 1/ f noise from the ADC is
partially compensated (depending on the ratio of Rs/Rre f ).
It should be noted that the 1/ f noise from the ADC
can also be compensated by the system-level CDS. As a
result, all the 1/ f noise contributions of the sensor interface
can be effectively compensated after system-level CDS and
SRM.

In conclusion, the SRM approach will lead to a thermal
noise penalty, but this thermal noise overhead can be min-
imized with the help of oversampling and averaging in the
reference measurement. On the other hand, if the reference
measurement is performed close to the sensing measurement
in time, the SRM approach can actually help to reduce the
1/ f noise from Ist im , and partially reduce the 1/ f noise from
the ADC.

C. Energy Overhead

To provide an effective compensation of supply and tem-
perature variations with the SRM approach, the reference
measurement rate excluding oversampling ( fr,meas ) should be
fast enough to track the supply and temperature changes.
On the other hand, the sensing measurement rate ( fs,meas) is
dependent on the input signal bandwidth, which is dependent
on the sensor type and use application. Thanks to the all
dynamic architecture, both fr,meas and fs,meas can be selected
independently according to the actual situation with an inher-
ent scaling of power consumption. Assuming an oversam-
pling ratio of OS Rre f is used in the reference measurement,
then the total energy consumption per measurement for the
SRM approach (with system level CDS) can be calculated
as:

ES RM_OS R = (1 +
fr,meas · OS Rre f

fs,meas
) · Ecds (18)

where Ecds is the energy consumption per measurement of the
sensor interface with system-level CDS, and the leakage power
is assumed to be negligible here for simplicity. As shown,
the energy overhead is a function of fr,meas , fs,meas and
OS Rre f .

D. Trade-Offs When Using the SRM

When the SRM is used, trade-offs exist between the effec-
tiveness on reducing the errors caused by supply and temper-
ature variations and the energy overhead. For example, in a
battery powered system used for environmental monitoring,
the temperature and supply variations are usually much slower
than the signal variation, so fs,meas should be much faster than
fr,meas . With fs,meas � fr,meas (and a reasonable OS Rre f ),
the energy overhead of SRM in this case becomes negligible,
as indicated by (18). On the other hand, for cases when the
supply and temperature vary in a much faster rate, fr,meas

should be increased accordingly, which will consume more
energy. In the worst case, each sensing measurement should
have its own reference measurement for best compensation.
In this case ( fs,meas = fr,meas ), the energy overhead becomes
OS Rre f · Ecds , according to (18). A similar trade-off exists
between the 1/ f noise (from Ist im) reduction and the energy
overhead. Depending on the corner frequency of the sensor
interface’s noise power spectral density profile, fr,meas should
be adjusted accordingly for best 1/ f noise compensation.
Finally, the condition fs,meas + fr,meas · OS Rre f � fs,max

should be guaranteed, where fs,max is the maximum rate of
the sensor interface without SRM. For cases when both fs,meas

and fr,meas are large (to cover a wide sensing bandwidth
and fast supply and/or temperature variations), the value of
OS Rre f should be compromised, resulting in a higher thermal
noise penalty.

This work targets environmental monitoring applications
with a battery powered system, so the temperature and supply
variations can be expected to be slow. Additionally, the total
noise power of the sensor interface is dominated by the thermal
noise in this prototype design. Thus, a slow fr,meas with a
reasonable OS Rre f can be used to reduce energy overhead,
while still providing sufficient SRM performance. Thanks to
the fully-dynamic nature of the sensor interface, it can always
be easily configured for best fit to the actual use case with an
inherent scaling of power consumption.

IV. CIRCUIT IMPLEMENTATION AND OPTIMIZATION

A. I-DAC

The detailed schematic of the proposed resistive sensor
interface is shown in Fig. 6. An external Rre f is used in
this prototype for best flexibility and absolute precision, and
CMOS switches controlled by SEL and SELN are used to
select Rre f or Rs . NMOS switches (controlled by I<4:0>) are
used to select the value of Ist im . Cascode transistors (MCS)
are used to improve the output impedance of the current
mirrors (Mstim) that produce Ist im . According to post-layout
simulations, the output impedance of these current mirrors is
increased by about 19 times thanks to the cascode transistors.
As a result, a more stable Ist im is obtained over different Rs

values, thereby improving the measurement linearity. An array
of 5b binary scaled poly resistors RC M (R0 = 4k�) is
implemented on-chip, and bigger RC M values are used by
smaller Ist im settings. As a result, a Vb voltage of about
530mV is obtained for all the Ist im settings. This Vb voltage
has two functions. First, it serves as the biasing voltage of
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Fig. 6. Detailed schematic of the proposed sensor interface.

the cascode transistors MCS. Second, it reduces the common
mode voltage of the ADC input, such that it is easier to bias
the NMOS input pair of the ADC comparator in sub-threshold
region, which offers better energy efficiency.

With the same ADC input range, higher Ist im values support
a smaller Rs range, while providing better absolute measure-
ment resolution and accuracy. As discussed in Section III-B,
an Rre f value that equals to Rs,max should be used to
minimize the thermal noise. Thus, the value of Rre f should
be adjusted according to Rs,max at different I-DAC settings.
For sensors/applications that require to change the I-DAC
settings dynamically, the mismatch of the I-DAC will not
cause distortion in the measurements after SRM, as Ist im has
been cancelled out according to (6). Instead, extra attention
should be given to the mismatch among the Rre f array that
is used for different I-DAC settings. For sensors/applications
that stay in the sensing range of one particular I-DAC setting,
the mismatch of the Rre f array is however not a concern. The
selection of the proper Rre f under each setting is done off-chip
for this prototype. Hypothetically, if a programmable array of
reference resistors would be included on-chip, an automatic
selection algorithm could be implemented based on the occu-
pied ADC output range to determine the appropriate settings
for Rre f , Ist im , and the ADC sensitivity.

The control clocks SEL, CLK1, CLK2, and CLKon are
provided externally for best flexibility, and SELN, CLK1N,
CLK2N, and CLKADC are derived from them on chip. All
of these control clocks use 1V (VDDH) on-chip clock drivers
(note that for simplicity, not all the clock drivers are shown
in Fig. 6). Thanks to the 1V clock drivers, the PMOS switches
(M1,2) used to select RC M can be completely switched
off while the I-DAC is powered off (CLKon = 0), which

Fig. 7. DAC implementation [22] of the SAR ADC.

significantly reduces the leakage current. According to
post-layout simulations at room temperature, the 1V clock
drivers reduce the leakage power of the I-DAC (including the
reference) from 700pW to only 90pW. As a side benefit of
the 1V clock drivers, the linearity of the NMOS switches is
also improved when they are switched-on with the 1V clock
drivers.

B. SAR ADC

A 10b asynchronous SAR ADC as in [14] is used, such
that a single clock edge enables the entire ADC operation.
To save power and improve linearity, a segmented DAC [14]
with 3 unary and 7 binary bits is used, as shown in Fig. 7. The
total core DAC capacitance is only 300fF (including parasitics)
with 250aF unit capacitors to save power while achieving
sufficient linearity and sufficiently low noise. As in [22], high
Vth transistors with increased length are used for the ADC
logic to reduce the leakage power, and CMOS S&H switches
(driven by 1V clock drivers) are used to enable operation at
low sampling rates.

The nominal differential input range of the ADC is about
1V (±500mV) with 0.6V VDD. However, this nominal input
range cannot be fully occupied by the differential voltage
(VP-VN) generated by the I-DAC, as sufficient voltage head-
room is needed for Mstim and MCS for good linearity per-
formance. Allocating 125mV of voltage headroom for both
Mstim and MCS, and considering that about 100mV of voltage
headroom will be consumed by the IR drop of RC M and
the on resistance of the control switches, |VP − VN | thus
should be kept within 250mV. To cope with this voltage
range, attenuation capacitors CAT T (300fF and 600fF) are
added in the DAC capacitor array to reduce the ADC input
range, thereby reducing the least significant bit voltage of the
ADC [22]. Defining the ADC sensitivity as: (CD AC,core +
CAT T )/CD AC,core, higher ADC sensitivity is achieved with
larger CAT T [22]. Effectively, adding attenuation capacitors
in the DAC array can be considered as adding gain in front of
the ADC under nominal conditions. The 300fF CAT T is always
enabled, resulting in an ADC input range of ±250mV with 2×
ADC sensitivity. Optionally, the 600fF CAT T can be enabled,
achieving 4× ADC sensitivity with ±125mV input range.
With higher ADC sensitivity, both the ADC quantization noise
and the impact of the DAC mismatch on the measurement
results can be reduced [22].

The common mode voltage of the ADC input is a function
of Rs : VC M = (VP + VN )/2 ≈ (2Vb − Rs · Ist im)/2. Accord-
ing to calculations, VC M could vary from about 400mV to
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Fig. 8. Die photo in 65nm CMOS.

about 530mV. To cope with this variation, the pre-amplifier of
the ADC comparator [24] is carefully sized, such that a similar
input referred noise level (≈300μVrms) is obtained over the
aforementioned common mode voltage range. The dynamic
comparator offset introduced by this common mode variation
is not a concern, as the comparator offset has already been
removed by system-level CDS.

V. MEASUREMENT RESULTS

Fig. 8 shows the die photo of the resistive sensor interface,
which occupies 0.076mm2 of chip area including decoupling
capacitors in 65nm CMOS, and the area excluding decoupling
capacitors is 0.035mm2. The sensor interface is characterized
with an external potentiometer as the sensing resistor. The par-
asitic capacitance associated with each terminal of the sensing
resistor is estimated to be about 3pF. The potentiometer is
first trimmed manually and measured with a GW INSTEK
LCR-6100 meter for reference, and then it is connected to
the chip to obtain the digital output. First, only the sensing
measurements are performed to verify the functionality of the
sensor interface. To make sure the I-DAC can be properly
started up over PVT, the start-up time is fixed to 8μs,
as discussed in Section II-C. Fig. 9 shows the measured
digital outputs at different Rs values at various Ist im and
ADC sensitivity settings. As shown, higher Ist im and ADC
sensitivity offer better resolution, while lower Ist im and ADC
sensitivity provide larger input range.

Then, reference measurements are also included in the
measurements to achieve SRM. For best noise performance
as mentioned in Section III-B, the value of Rre f is selected
manually to be close to Rs,max for each Ist im and ADC sensi-
tivity setting. In the measurements, the sensing measurement
is performed at 12.5kS/s, while the reference measurement
is performed at 10S/s as an example to deal with slow tem-
perature and supply variations. To reduce the noise overhead
due to SRM, an oversampling ratio of OS Rre f = 10 is used,
resulting in an actual Dr,cds rate of 100S/s (Dr,cds_avg rate =
fr,meas = 10S/s). Since the maximum rate of the sensor
interface is 25kS/s, the sensing and reference measurements
can be performed continuously without interruption from each
other. Unless stated otherwise, fs,meas = 12.5kS/s, fr,meas =
10S/s with OS Rre f = 10 is used for the measurement results
reported afterwards.

Fig. 10 shows the averaged digital output ratios at different
Rs values, and Ist im = 4μA is selected as an example. The
Rre f value is about 30k� and 60k� for 4× and 2× ADC
sensitivity setting, respectively. Note that the digital code ratio
calculations are performed off-chip in MATLAB. According

Fig. 9. Measured digital outputs (Ds,cds ) at different Rs values for various
different Ist im and ADC sensitivity settings.

Fig. 10. Measured digital output ratios at different Rs values (Ist im = 4μA).

Fig. 11. Measured error (excluding noise) over 5 IC samples after one point
calibration (Ist im = 4μA).

to (15), the value of Rs can be obtained by directly multiplying
this digital output ratio with a gain factor (exact value of Rre f ).
Thus, a one point calibration would be sufficient to obtain the
gain factor for each setting. Fig. 11 shows the measured error
in resistance over 5 IC samples after one point calibration.
With 4× ADC sensitivity, the errors are from −25� to 30�
over a sensing range from 0 to 30k�, resulting in an absolute
inaccuracy within 0.1%. The errors at 2× ADC sensitivity are
from −86� to 96� over a sensing range from 0 to 60k�,
resulting in an absolute inaccuracy within 0.16%.

To determine the noise performance of the sensor interface,
measurements with the same Rs value are repeated 215 times,
and the standard deviation of these 215 measurement results
is calculated, which gives the rms noise performance of the
sensor interface. This procedure is repeated at several different
Rs values, as shown in Fig. 12 (a). The rms noise has a trend
to increase with Rs (more obvious in 2× ADC sensitivity
setting), as the noise from Ist im will be converted into a larger
noise in voltage when a larger Rs is being measured. Thanks
to the 10× oversampling ratio in the reference measurement,
the rms noise with SRM is similar to the case without SRM.
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Fig. 12. (a) Measured rms noise at different Rs values (Ist im = 4μA),
(b) noise power breakdown of the sensor interface based on calculations and
simulations (Ist im = 4μA).

The average rms noise with SRM over the entire sensing range
is 57�rms and 75�rms for 4× and 2× ADC sensitivity, respec-
tively. The noise power breakdown of the sensor interface
based on simulations and calculations is shown Fig. 12 (b):
the ADC comparator noise dominates the total noise power in
most cases.

Fig. 13 shows the measured power supply sensitivity of
the sensor interface at the indicated setting as an example.
Without SRM, the errors caused by supply variations are
from −113� to 2113� (−0.4% to 7.0% of the full range)
when VDD changes from 550mV to 650mV, resulting in a
supply sensitivity of 74.2%/V. Thanks to the SRM approach,
the errors caused by supply variations are effectively com-
pensated, resulting in measurement errors from only −60� to
49�, which correspond to a supply sensitivity of only 3.6%/V.
Fig. 14 illustrates a measurement example to show how
the SRM approach compensates the error caused by supply
variation in real time. During the measurement, the supply
voltage is gradually increased from 585mV to 615mV, causing
both Ds,cds and Dr,cds_avg to drift with this supply change,
as shown by Fig. 14 (a). As Ds,cds and Dr,cds_avg change in
the same way, the digital output ratio remains almost the same
over time, as indicated in Fig. 14 (b), leading to measurement
results that are insensitive to supply variations. Note that the
random variations shown in Ds,cds and the digital output ratio
are due to the presence of noise.

Fig. 15 shows the temperature sensitivity of the sensor
interface at the indicated setting as an example. A temperature
insensitive (< ±10ppm/◦C) resistor is used for Rre f for
best compensation. At the same time, temperature insensitive
(< ±10ppm/◦C) resistors are also used for Rs , such that
the temperature dependency of Rs can be minimized from
the measurement results. As Ist im increases with temperature,

Fig. 13. Measured errors (with respect to the result at 600mV VDD) at
different supply voltages, Ist im = 4μA, 4× ADC sensitivity, Rre f = 30k�.

Fig. 14. Real time measurement to demonstrate how the SRM approach
reduces the errors caused by supply variations.

Fig. 15. Measured errors (with respect to the result at 25◦C) at different
temperatures, Ist im = 4μA, 4× ADC sensitivity, Rre f = 24k�.

a 24k� Rre f is used to avoid ADC saturation at high tem-
peratures. Without SRM, the errors caused by temperature
variations are from −2658� to 1459� when the temperature
changes from 0 to 85◦C, which correspond to −11.1% to
6.1% of the full range (24k� in this case), leading to a
temperature sensitivity of 2018ppm/◦C. Thanks to the SRM
approach, the errors caused by temperature variations are also
effectively compensated, resulting in measurement errors from
only −16� to 27�, which are well below the measurement
accuracy of the sensor interface at this setting. Thus, it can be
concluded that a temperature sensitivity within 21ppm/◦C is
obtained with SRM.

Fig. 16 (a) shows the power consumption of the sensor
interface at different sensing measurement rates. Note that the
power consumption from both VDD and VDDH has been
included. When fs,meas > 10S/s, fr,meas is fixed at 10S/s
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Fig. 16. (a) Power consumption at different measurement rates, (b) power
breakdown of the sensor interface when operating at fs,meas = 12.5kS/s
(both figures show data at Ist im = 4μA, 4× ADC sensitivity).

TABLE I

PERFORMANCE SUMMARY AT VARIOUS Ist im AND

ADC SENSITIVITY SETTINGS WITH SRM

with an oversampling ratio of 10. When fs,meas ≤ 10S/s,
the reference measurement (also with an oversampling ratio
of 10) is only performed at the sensing measurement rate.
In this case, a burst of 10 Dr,cds measurements are performed
first, and then a Ds,cds measurement is performed afterwards.
When fs,meas �10S/s, the power overhead with SRM is
almost negligible, as shown in Fig. 16 (a). At fs,meas =
12.5kS/s, the energy overhead of SRM is only about 0.2pJ
(0.9%). When fs,meas �10S/s, the power consumption will be
dominated by the leakage power of the entire sensor interface,
which is 0.32nW. For measurement rates between 1S/s and
100S/s, the reference measurements add substantial power
overhead, in particular because of the 10× oversampling ratio.
Fig. 16 (b) presents the power breakdown of the sensor
interface when operating at fs,meas = 12.5kS/s, according
to a post-layout simulation. Note that these results include the
power for the clock drivers (at 1V), while the clock signals
themselves are generated externally. If they were made on-chip
using an oscillator and clock phase generation, it is estimated
to cause about 30%-40% power overhead.

Table I summarizes the performance of the sensor interface
with SRM at various different Ist im values at 4× and 2×
ADC sensitivity. 10S/s Dr,cds with OS Rre f = 10 is used
in all the measurements. As expected, higher Ist im settings

Fig. 17. (a) Measured SNR vs. OS Rsens , fs,meas × OS Rsens = 12.5kS/s,
(b) measured noise power spectral density, fs,meas = 12.5kS/s (both
figures show data at Ist im = 4μA, 4× ADC sensitivity).

provide better absolute resolution and accuracy at the cost
of smaller input range and higher energy per measurement.
ADC sensitivity settings offer another tuning knob to trade
input range for better resolution and accuracy. As each Ist im

and ADC sensitivity setting has its own external Rre f for
best noise performance, a 1-pt calibration has been done for
each of these settings. A resistance range up to 240k� can
be supported in this prototype (Ist im = 1μA). As a larger
maximum Rs value is supported in this case, a longer time
is need for the ADC input (VP and VN in Fig. 1) to be fully
settled, which means Ist im needs to be on for a longer time.
However, as Ist im is small in this case, the energy overhead due
to the longer Ist im on time is not significant. If a larger input
range is needed, the interface circuit can be easily modified
to generate a smaller Ist im .

The SNR of the sensor interface can be improved by
performing oversampling and averaging [21] in the sensing
measurements, as shown in Fig. 17 (a). For the case when
fr,meas = 10S/s and OS Rre f = 10 is applied, oversampling
and averaging becomes less effective on improving the SNR
when OS Rsens is large (>36). This is due to the presence
of low-frequency noise components, which contain both the
residue 1/ f noise of Ist im ( fr,meas is not fast enough to
fully compensate it with SRM) and the thermal noise of the
reference measurements, whose noise bandwidth is only 5Hz.
This can be observed by the noise power spectral density
shown in Fig. 17 (b). To further improve the SNR with
oversampling and averaging, the reference measurement can
be performed at a faster rate. As shown in Fig. 17 (a), when
fr,meas = 1kS/s and OS Rre f = 4 is used as an example,
the SNR can be improved effectively up to 68dB. In this case,
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TABLE II

PERFORMANCE COMPARISON

the 1/ f noise of Ist im are effectively compensated, and the
thermal noise of the reference measurements is also spread
over a wider bandwidth, as shown in Fig. 17 (b). As a trade
off, the higher reference measurement rate will lead to a higher
energy overhead.

Table II gives a performance comparison of this work at
one exemplary setting (Ist im = 4μA, 4× ADC sensitivity)
with prior art. For the case with SRM, the reported SNR,
supply and temperature sensitivities are based on the mea-
surement results with fr,meas = 10S/s (OS Rre f = 10), and
the reported power consumption is based on the numbers as
shown in Fig. 16. Compared to other works, this work (with
SRM) not only achieves the lowest power consumption of
just 0.32nW (at 0.1S/s), but also achieves a state-of-the-art
FoM of 148fJ/conv-step (at 12.5kS/s). Note that the FoM is
further improved to 98fJ/conv-step at 2× ADC sensitivity as
shown in Table I. The FoM of the circuit is degraded at 0.1S/s,
as the power consumption in this case is heavily dominated by
the leakage power. However, thanks to the highly minimized
leakage power of the entire sensor interface, the FoM of the
circuit quickly improves with the measurement rate. For the
case with SRM, a FoM of 322fJ/conv-step is achieved at
100S/s with only 4.9nW of power consumption. Furthermore,
robust measurement results are also obtained thanks to the
SRM approach. Compared to the precursor of this design [9],
this work achieves 2× better inaccuracy with only 1-point
calibration (instead of 3-point calibration in [9]) and much
better robustness against supply and temperature variations
(the temperature and supply sensitivities of [9] are expected
to be similar to this work without SRM), without sacrificing
much of the energy efficiency.

VI. CONCLUSION

An ultra-low power energy efficient all-dynamic resistive
sensor interface is proposed, which includes an efficiently
duty-cycled I-DAC and an asynchronous SAR ADC. By using

an SRM approach, the errors caused by the supply and temper-
ature variations can be efficiently and effectively compensated,
leading to a robust measurement result. The experimental char-
acterizations show that this work is highly versatile and can
either achieve state-of-the-art energy efficiency or ultra-low
power consumption. All these features make it suitable for
emerging energy constrained IoT applications.
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