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Abstract—This paper presents an ultra-low-power, wide-
dynamic-range interface circuit for capacitive and resistive
sensors. The circuit is implemented as a switched-capacitor
circuit using programmable capacitors to achieve high con-
figurability. The circuit was fabricated using a CMOS 0.18 um
process. Different types of capacitive and resistive sensors
were measured using the interface to demonstrate its support
for multi-sensor systems with an ultra-low-power budget.
Experimental results show that the circuit is able to inter-
face various sensors within the overall capacitance range of
0.6-550 pF and resistance range of 3.7-5100 k2, while con-
suming only 0.39-3.56 xW from a 1.2 V supply. A proximity,
gesture, and touch-sensing system is also developed con-
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sisting of the designed interface circuit and a sensor element that is able to detect the displacement of an object up to
15 cm from the sensing electrodes consuming only 0.83 xW from a 1.2 V supply.

Index Terms— Ambient intelligence, C2V, capacitive sensor, charge-sensitive amplifier, CMOS, current source,
environmental sensor, force sensor, humidity sensor, interface circuit, Internet-of-Things (loT), light sensor, proximity
sensor, resistive sensor, switched capacitor circuit, ultra-low-power.

|. INTRODUCTION

ENSORS are one of the key elements for enabling

emerging technologies such as internet of things (IoT) and
ambient intelligence (Aml) [1]-[4]. In IoT and AmlI environ-
ments we are surrounded by embedded intelligent objects that
sense different quantities of our physical surroundings. As IoT
and Aml develop rapidly, there is an increasing demand for
microsystems that are equipped with various types of sensors.
IoT devices are typically battery-powered or rely on harvesting
energy from their environment, therefore limiting their power
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budget. They often require long lifetimes as well which further
limits the power consumption and increases the need for ultra-
low-power solutions [5].

The size, cost and power consumption of multi-sensor
microsystems can be reduced by using an ultra-low-power,
highly configurable, and wide-dynamic-range interface circuit
that reads and processes different types of sensors. However,
making such an interface circuit is technically difficult since
each sensor has its own properties and may have different
requirements for readout. General-purpose interface electron-
ics have been researched extensively and several sensor inter-
face circuits have been reported in the literature [6]-[21].
Although they present effective solutions, they suffer from
some shortcomings such as supporting only one input type
(capacitance or resistance) [6]-[15], having low accuracy [6],
[9], [13], a low input dynamic range, [9], [14], or high power
consumption [7]-[9], [15]-[20].

This  paper presents a  universal multi-sensor
interface (UMSI) circuit that is highly configurable and
achieves a wide capacitive and resistive dynamic range with
ultra-low power consumption. The target is to interface
various capacitive and resistive sensor elements, such as
[22]-[25], over an overall range of three orders of magnitude.
The interface is configurable so that only the required range
is covered for a given sensor element. This allows for
optimizing sensitivity, linearity and power consumption for

For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Conceptual block diagram of the proposed sensor interface.

each sensor element. This paper is an extension of [26].
While in [26] we verified the measurement range and linearity
of the UMSI with resistors and capacitors, in this paper we
further investigate the capabilities of the designed interface
in real application scenarios by characterizing the UMSI with
four different sensors. In particular, we measured the output
response of a capacitive humidity sensor [23], a capacitive
proximity sensor, a photoconductive sensor [24], and a
resistive force sensor [25]. The noise performance of the
UMSI is also presented in this paper.

In addition, this paper presents an ultra-low-power
proximity, gesture, and touch-sensing system. Proximity sen-
sors have been researched for years [27]-[32] and are
employed in various applications, including those in human
interface devices, security systems, Aml, gaming, and robot
applications. Capacitive sensors [29]-[32] are advantageous
over other types of proximity sensors, such as optical, radar,
and ultrasonic, in terms of power consumption, size, and cost.
The presented system in this paper is composed of the UMSI
and a proximity sensor element consisting of two coplanar
copper plates. The proposed proximity system offers a higher
detectable distance range and >10x lower current consump-
tion than the existing single-plate [31] and dual-plate [32]
capacitive proximity sensing systems. In addition to proximity,
the proposed system also offers gesture and touch-sensing
capabilities.

II. DESIGN AND IMPLEMENTATION OF THE UMSI

Fig. 1 illustrates the conceptual block diagram of the UMSI.
It is based on a switched-capacitor (SC) front-end interface
circuit that utilizes a shared SC operational transconduc-
tance amplifier (OTA), to realize a SC capacitance-to-voltage
(C2V) converter for capacitance sensing and an SC voltage
amplifier for resistance sensing. The system consists of a
non-overlapping (NOL) clock phase generator to run the SC
circuits; memory registers to configure the front-end operation
mode and range for various sensors; a measurement buffer
amplifier; a programmable bias current generator for the
OTA; and a current reference (implemented off-chip for more
flexible testing), required by the resistive sensor.

Fig. 2 (a) shows the schematic of the complete UMSI
front-end. It is an SC circuit consisting of a low-power

OTA, an 8-bit reference capacitor bank Crf, a 5-bit amplifier
feedback capacitor bank Cj, multiplexers (MUXs), and
switches. Depending on the chosen bit configuration (Byodi,
Bmod2), the interface operates as a resistive or capacitive
sensor interface. Crr and Cy are controlled using bits Bo-B;7
and Bg-B, respectively, to accommodate for a wide range
of sensor elements and compensate for process variation.
For further flexibility, the MUXSs, controlled by Bno-Bwme,
determine which of the NOL clock signals clk; and clk; is
fed to the corresponding switch, or whether the switch should
be disabled. Bottom plate sampling is used to reduce the
effects of switch charge injection [33]. It is implemented by
disconnecting the virtual ground (node N) from V¢ at falling
clky, - slightly before turning off the switches controlled by
clk;. Charge injection from the switches controlled by clks
does not cause output error.

Fig. 2 (a) also illustrates a simple electrical model of a
capacitive sensor element Cgep, that incorporates the effects
of a parasitic shunt conductance Gg, and two parasitic capac-
itances Cp1 and Cp, which include all parasitic capacitances
seen at the nodes padpot and padyop, respectively [34]. Since the
values of these parasitics are typically application dependent
and not very stable, the effects of these parasitic elements
should be significantly reduced. The correlated double sam-
pling (CDS) technique [35] is used to compensate the amplifier
1/f noise and input offset voltage, and reduce the effect of
parasitic shunt conductance Gs and parasitic capacitance Cp
[6], [34]. The voltage swing at node “N” and input of the OTA
is small, arising only from noise and finite gain, and so the
effect of parasitic capacitance at these nodes is negligible. The
circuit is also insensitive to the parasitic capacitance Cpy and
the total paracitic capacitance seen at the resistive sensor input
Vies- The supply voltage Vpp and reference voltage Vit are
1.2 V and 0.6 V, respectively.

A. Capacitive Mode

Fig. 2 (b) presents the UMSI configured in the capacitive
mode. The circuit is a SC charge sensitive amplifier based on
[6] and it converts the capacitance Cgep into a proportional
sampled voltage V. During clkj, Crr and Cy are reset and a
charge of Qgen = -Vyet Csen 18 sampled in Cge. In phase clks,
a charge Qref = Vrer Crer is sampled in Crer, and the sampled
charges are transferred in Cy, resulting in output voltage

Crer - C,
Vout = Vref - + Vref (1)
Ct
which can be used for determining the Cgep value:
Ce
Csen = _—f Vout + Cf + Cref (2)
Ie:

By substituting the allowed output voltage range Vout = [Viin,
Vmax] in Eq. (2) we can determine the allowed Cg, range for
given values of Ct and Crer. The OTA offset voltage and low
frequency noise is sampled in Cggs in phase clk;, and held
during clkp, to generate a CDS-compensated virtual ground
(node N).

B. Resistive Mode

Fig. 2 (c) presents the UMSI configured in the resistive
mode. I.r is used for converting Rgep into the voltage Vies,
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configured in the resistive mode.

which is fed to an SC voltage amplifier. During phase clkj,
Crer and Ct are reset and Cres samples the voltage Vies - Vier
= Rgen Iref - Vrer. During phase clky, Crer samples Vier and
the resulting charge, as well as the charge sampled in Cres,
is transferred in Ct. This results in output voltage

C Cref
Vout = (Rsen Iref - Vier) - + Viet & Viet 3)
Ct Ce
which can be used for determining the Rge, value:

_ Cf Cf _ Cref ) Vref
Cres Iref Cres Cres Lref

Again, by substituting the allowed output voltage range
Vout = [Vmin, Vmax] in Eq. (4) we can determine the allowed
Rsen range for given values of Cy and Crer. Cegs is used for
CDS compensation the same way as described in Sec. IT A.

Ryen Vout + (1 - @)

C. Operational Amplifier

Since the interface circuit is designed to operate in various
configurations with various capacitance sizes, the operational
amplifier should also have flexible properties so that it provides
the required gain-bandwidth product (GBW) for operating at
different configurations and clock frequencies while maintain-
ing a high enough DC gain for the targeted output swing and
optimized power consumption. A folded cascode OTA, shown
in Fig. 3, was designed to fulfill these requirements. Clamp
transistors (inside the dashed box) were added to improve the
slew rate [36].

In the designed OTA, the open-loop DC gain stays above
80 dB for the target output swing of 0.6 V. The GBW remains
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(a) Schematic of the complete UMSI front-end (b) schematic of the UMSI configured in the capacitive mode (c) schematic of the UMSI
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Fig. 3. Schematic of the folded cascode OTA. Clamp transistors are
indicated by the dashed box. Data from [26].

well above 10x intended clock frequency f¢ik. It scales linearly
over a 30x range with a programmable bias current Ipias.
The differential input transistors of the designed OTA have
large W/L ratios to keep them in the sub-threshold region over
the used Iyi,s range. This serves two purposes: first, it opti-
mizes the power efficiency of the OTA by maximizing the
transconductance gn, of the input transistors for a given bias
current. Second, the g, scales linearly with the used Ipjas =
1.8nA—54nA (30x range). This is due to the fact that, in sub-
threshold operation, the gy, is directly proportional to the drain
current [36], [37]. Since the GBW of the OTA is proportional
to the gp, of the input stage, it also scales linearly over the used
Ibias. Fig. 4 shows the gp, of the differential input transistor of
the OTA as a function of the used programmable Ip;,s, and as
a function of the total current consumption Iy, of the OTA
including the current consumption of the biasing network.
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Fig. 4. Simulated transconductance gm of the differential input transistor
of the OTA as a function of the used programmable ;55 , and as a function
of the total current consumption Iy, of the OTA, including the current
consumption of the biasing network.

The 1/f noise corner remains well below the intended f.x and
also scales with Ip;ys, ensuring the effectiveness of CDS for
reducing the 1/f noise. The OTA power consumption varies
between 0.12-3.58 uW over the used Ipjas range.

D. Leakage-Compensated Programmable
Bias Current Generator

A leakage-compensated wide-trimming-range current
source was designed to enable a power-optimal wide
trimming range for the operational amplifier speed. Trimming
is done digitally by adjusting the number of effective unit
devices in the current mirror that sinks the output current.
To enable accurate current mirroring ratios and high output
impedance, the dimensions of the mirroring transistor unit
device need to be well above the minimum. In addition, as the
required trimming range is high, the number of required unit
devices is high as well.

Generally, current source output current can be digitally
controlled by disabling parallel unit transistors through a) dis-
connecting their drain from the output or b) through switching
their gate-to-source voltage to zero. The former method suffers
from reduced switch control voltage headroom, especially in
low voltage designs, resulting in currents that are too low at
high output current settings and low temperatures. Trying to
compensate this with larger switch devices will result in too
high a leakage due to the high number of large unit devices.
The latter method suffers from leakage through disabled unit
transistors, resulting in too high currents at small output
current settings and high temperatures which is also due to
the high number of large unit devices. However, this can be
compensated with replica leakage devices, by subtracting the
replicated leakage from the output.

The proposed leakage-compensated current source is
depicted in Fig. 5. The bias current generator core is a
beta multiplier [37], which has a proportional to absolute
temperature (PTAT) response. By using a polysilicon resistor
Rpoly and suitable sizing for Mp; and Mp; the temperature
coefficient was slightly adjusted to the desired value. As the
body of the PMOS transistor Mp; can be tied to source, having
the resistor Ryoly on the PMOS side allows for avoiding the
body effect [36], without the need for an isolated/triple-well
NMOS transistor. A small PMOS transistor Mgy, controlled

Vbp Vbp Voo Vob
| core I bias ‘{ Mp, MP3
|
Msu Mp; 6groups ¥ lsink leakemp
SU Bbi'l By >/
__/7_' MSi ‘E';MU
Bui " E

Leakage sink

Main sink

Fig. 5. Schematic of the proposed leakage-compensated bias current
generator.

by a digital start-up signal SU, can be used for starting up
the core in case of a stable operating point occurring near
Icore = 0. At startup, Mgy doesn’t pull the PMOS gates down
to ground but one threshold voltage higher, limiting the startup
current. Furthermore, under normal operation, the leakage of
Mgy is very small due to positive gate-source voltage.

The trimmable leakage-compensated sink comprises
6 groups, each consisting of a main sink transistor Mg; and
an equal leakage sink transistor My ;. Groups 2 to 5 are binary
weighted using unit transistors (Ms; = Mp; = 22 Muynis,
i € 2...5) and are matched to the core NMOS transistors
(MnN1 = Mn2 = SMunir), enabling accurate linear trimming.
Groups 0 and 1 are equal in size, both half the unit transistor
size Msp = Mrg = Ms; = Mp; = 0.5Mypjr), resulting in
less accurate linear trimming, due to worse matching with
Groups 2 to 5. However, redundancy in the smallest group
enhances the expected accuracy, compared to not having
Group 0 at all. This is because it is probable that at least one
group of Groups 0 and 1 is more accurate than their expected
average accuracy. In addition, using half the unit transistor
size as LSB a) reduces the number of total unit transistors
from 2°-1 to 2*+1 (of which two are half the unit transistor
size), and b) allows for a crucially larger unit transistor size,
for a given area, to enhance matching.

Each group i is controlled only by bit By; (and its inverse
Byi). As transistor Mg; is disabled through its gate, the corre-
sponding leakage transistor My; is enabled through its drain.
After mirroring My; drain current through Mp3: Mps = 1, the
resulting output current becomes

Ibias = Isink — lteakemp = Tideal + Z (Isiteak — ILiteak] (5)
ieD

where Iigea; is the ideal desired output current, D is the set
of indices of disabled groups, and Isijeak and Ipjjeax are
the currents of a disabled Ms; and My, respectively. The
Currents > ;. Isijeak and D p ILijeak follow each other over
PVT corners and trim word By values, resulting in leakage
compensation: Ipjas X ligeal-

The Simulation result for the proposed leakage-
compensated bias current generator is presented in
Fig. 6 (b), and the corresponding result without the leakage-
compensation is shown in Fig. 6 (a). The curve groups
consist of simulation results with the lowest trim word 1
(nominally 1.8 nA) and the highest trim word 32 (54 nA),
at 6 CMOS corners. The curves have been normalized to
room temperature, to show that their temperature coefficient
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Fig. 6. Simulated normalized output current of the bias current generator
as a function of temperature, (a) without the leakage-compensation
circuit, and (b) with leakage-compensation, for the lowest trim word 1
(nominally 1.8 nA) and the highest trim word 32 (54 nA), at 6 CMOS
corners. The temperature coefficient spread is enhanced roughly
10x from (a) 0.29-0.76 %/°C to (b) 0.26—0.31 %/°C.

spread is enhanced roughly 10x from 0.29-0.76 %/°C
without the leakage compensation to 0.26-0.31 %/°C with
leakage compensation, which, based on simulations, is within
acceptable limits to match well enough with the desired value,
0.28 %/°C, which gives the least temperature dependency
for the OTA performance. The simulated power consumption
of the proposed circuit varies between 43—-105 nW, over the
trim word range, of which the leakage compensation circuit
consumes only 68-281 pW.

E. Capacitors

Configurability for a wide range of capacitive sensors is
ensured by using tunable capacitors in the SC circuit, namely
capacitor banks Crs and Ct. As can be seen from Eq. (1),
for a given Vg range, absolute values of Ces and Cr define
the midpoint and the magnitude of the allowed Cse, range,
respectively. As can seen from Eq. (3), in the resistive sensor
mode, the allowed Rge, range is determined by capacitor ratios
instead of absolute values and, in addition, by the tunable
current reference If, denoting a well-controlled transfer func-
tion and an additional degree of freedom compared to the
capacitive sensor mode. Therefore, the capacitor banks Crer
and Cr are designed based on the capacitive sensor mode
requirements, as requirements posed by the resistive sensor
mode are considerably more relaxed.

Increasing capacitor bank resolution increases flexibility in
choosing the midpoint of the allowed Cg, range (through
choosing Cier), and in choosing the magnitude of the
allowed Cgen range (through choosing Cr). Equivalently, for
a given sensor element, increase the capacitor bank resolution
enhances flexibility for maximizing sensitivity without satu-
rating the interface circuit. In addition, it increases flexibility
for compensating capacitor process variation and mismatch,
and sensor element sample-to-sample variation. On the other
hand, higher capacitor bank resolution denotes higher par-
asitic capacitance, switch leakage, routing complexity and
area overhead. Process variation and mismatch of the on-chip
capacitors and tolerances of the capacitive sensor elements
need to be taken into account as parameters when optimizing
the capacitor bank resolution, range and structure.

In this design, Crs and Cy are implemented as 8-bit and
5-bit capacitor banks with the capacitance ranges of
1.96-500 pF and 1.96-60.8 pF, respectively. To reduce the
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Fig. 7. The layout floor plan of the capacitor bank matrices: (a) LSB
binary capacitor matrix consisting of 1.96-pF unit capacitors (b) MSB
binary capacitor matrix consisting of 15.7-pF unit capacitors.

above-mentioned drawbacks, both the capacitor banks have
been divided into LSB and MSB binary capacitor matrices,
consisting of 1.96-pF and 15.7-pF unit capacitors, respec-
tively. The LSB matrix includes also two unit capacitors
for implementing the fixed Ces (3.92 pF). Fig. 7 shows the
layout floor plan of the capacitor bank matrices. The unit
capacitors are placed in a manner to minimize the effects of
mismatch, by using the common centroid layout technique,
and to simplify the layout routing. Dummy capacitors are
placed around the MSB and LSB matrices to keep each unit
capacitor identical. The requirement for implementing the C¢qs
is more flexible, since the matching does not need to be
considered. Therefore, it is easily implemented as a 100-pF
single capacitor cell.

F. Non-Overlapping Clock Phase Generator

To ensure accurate charge transfer, the SC front-end
switches are controlled using non-overlapping clock phases
clk; and clky, which are generated from the clock signal clk.
In addition, clock phase clkj, whose falling edge is advanced
in time, compared to the falling edge of clkj, is required.

The non-overlapping clock phase generator and the resulting
timing diagram is shown in Fig. 8. The dark grey delaying
buffers Dy determine the non-overlapping time between clk;
and clky. Similar delaying inverters D, determine the delay
of the falling edges of clk; and clk,, compared to their
advanced edge counterpart clkj, and clkp,, respectively. The
timing diagram shows the resulting front-end output signal
Vour timing. The output has settled properly and is valid
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Fig. 8. (a) Non-overlapping clock phase generator (b) timing diagram
showing the clock phases generated by the non-overlapping clock phase
generator, and the resulting front-end output signal Vgt timing. The
output has settled properly and is valid inside the time window denoted
by the grey area, and the arrows denote the output sampling time instant
in measurements.

inside the time window denoted by the grey area. The arrows
denote the time instant that is used for output sampling in the
measurements.

The Clock phase clky, is not used in the presented setups
of the UMSI. However, the related delaying inverter D, and
the driving branches are needed to achieve symmetrical clk;
and clky timing, by matching the clock phase signal paths and
loading thereof, respectively. The parts and signals that are not
necessary, are drawn in light grey.

All clock phase outputs are driven by inverting clock drivers
that have high driving capability and equal rise and fall times.
In addition, as the transmission gate switches require both
control signal polarities, accurate inverted counterparts (clky)
of all the above output clock phase signals, with minimized
delay, are required.

G. Other Circuit Blocks

The memory register provides static trim bits required by the
UMSI to operate in different configurations. It contains D-type
flip-flops, arranged to eight 8-bit registers, that are written
using the SPIL

The on-chip measurement buffer amplifier is used not to
load the UMSI with the measurement setup. It is implemented
using an amplifier identical to the front-end amplifier, used in
unity gain configuration.

[1l. MEASUREMENT RESULTS

The UMSI chip was fabricated in a 0.18 gm CMOS process
with a total area of 1.89 mm? including the pads. The die

SIOJRIQUAS JUALIND Seiq

i

1
/,’H | decoupling.cap

I 1.8 mm i

Fig. 9. Die microphotograph of the UMSI chip. Data from [26].

microphotograph of the interface chip is shown in Fig. 9.
Common centroid layout techniques were utilized in order to
reduce the effects of mismatch. A separate on-chip supply
domain was used for digital circuits (NOL clock phase gener-
ator, MUX3s) to reduce the supply noise coupled to the analog
blocks. The supply domains were connected together off-chip.
Sensitive signal paths such as the capacitive sensor element
nodes were protected by surrounding them with ground paths.
Data to the memory registers was written through an SPI
interface.

There was an unexpectedly high bonding pad leakage
arising from the ESD protection diodes, resulting in incorrect
operation with a combination of small Cge, and low fji values.
Hence, the applied f.x was chosen based on the utilized sense
capacitance range. Ipjys was adjusted according to fox and Cgen
range to ensure a long enough linear settling period and the
lowest possible power consumption. The output voltage of the
interface was measured with a high resolution 10 MS/s digital
oscilloscope. The signal was captured in continuous time
while the interface was operating in discrete time at fjx. The
resulting signal was sampled in digital post-processing at the
chosen f.x (one sample per clock cycle), at the rising edge of
clk, as denoted by arrows in Fig. 8 (b), to find the actual signal
extracted by the UMSI circuit. In order to find the DC transfer
curve, multiple signal samples were averaged. It is notable that
no averaging was applied in noise performance evaluation.
Vpp and Ve were generated using a high-precision external
power supply.

A. Characterization With Test Capacitors and Resistors

To characterize the UMSI, we used test capacitors and
resistors as the sensing elements, because this characteriza-
tion would be complicated using the actual sensor elements.
First, those test capacitors and resistors were measured with
a Smart Tweezers ST-5S LCR meter and a HP 34401A
multimeter, respectively, for reference, and then, they were
connected to the UMSI to obtain a capacitance-to-voltage and
resitance-to-voltage mapping.

The UMSI was characterized in capacitive mode by mea-
suring its operation in three separate ranges, given in Table I,
within the overall capacitance range of 0.6-550 pF. These
specific ranges were chosen to match the capacitance ranges
of the target sensor elements [22], [23], as well as to verify
operation at the minimum and maximum of the overall range
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TABLE |
SUMMARY OF THE MEASUREMENT RESULTS

meas. condition? Sfelk et P linearity

range  Crr; Cr (pF)  (kHz)  (uA) (uW) (bits)
Csen (pF)

0.6-15 79 ;163 15 - 1.70 >14

91-137 115 ; 48.9 3 - 2.40 >14
489-550 517 ; 62.2 1 - 2.90 >14
Rgen (k)

3.7-200 2.0;59 1 275 0.26 (3.56") >13.5
98-1000 2.0;4.0 1 0.55  0.26 (0.92%) >14
1000-5100 2.0;4.0 1 0.11  0.26 (0.39%) >14

4Chosen Cyes and Cy configuration, values estimated through measurements,
bPower consumption including the used external current reference Ip;.
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Fig. 10. Measured output voltage of the UMSI, sensitivity Gy,

and linearity error in capacitive mode for three chosen ranges froCm
the overall range of Csen = 0.6-550 pF with (a) Csen = 0.6-15 pF
(b) Csen = 91-137 pF, (c) Csen = 489-550 pF. The simulation results
are shown to demonstrate the agreement between the measured and
simulated values. Linearity evaluation was limited by the accuracy of
the measurement setup.

of the UMSI in the capacitive mode. The parameter values
and a summary of the measurements can be found in Table 1.
The values of Cr and Cy are estimated through two-point
calibration. The maximum capacitance range that the interface
can cover in one setup is equal to the maximum value of Cg,
i.e. 62.2 pF.

Fig. 10 illustrates the resulting measured output voltage of
the UMSI, sensitivity Gy, and linearity error as a function of
sensing capacitance for the three input ranges. The linearity
error represents the deviation of the measured output voltage of
the UMSI from the best fit straight line. The transfer curve of

each measurement range is linear to at least 14 bits (Linearity
— log?2 (full scale range of the UMSI))
= log max(linearity error) '

The linearity evaluation of the interface was limited by the

accuracy of the test capacitance measurement instrument and
the measurement setup. The sensitivity and linearity evaluation
of the UMSI based on the simulation results are also shown
in Fig. 10. The measured linearity of the UMSI is well
matched with the simulation results. The difference between

f(-n( =1 kHz frlk =1 kHz fu]k =1 kHz
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2 075 —e— measured
<
=
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= .
2045 Gy = 0.548 1Y Gy = 0.11 59
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=
=
8
=)
[}
£
I sim. lin, = 14.7 bits - sim. lin. = 14.5 bits - sim. lin. = 14.3 bits
3 meas. lin. = 13.6 bits*  meas. lin. = 14.3 bits* meas. lin. = 14.1 bits*

0 50 100 150 200 150 350 550 750 950 1000 2000 3000 4000 5000
Resistance (k)

(a) (b) (©)

Fig. 11. Measured output voltage of the UMSI, sensitivity Gy, and

linearity error in resistive mode for three chosen ranges from theRoveraII
range of Rsen = 3.7-5100 k2 with (@) Rsen = 3.7-200 k2 (b) Rsen
= 98-1000 k2, (c) Rsen = 1000-5100 kf2. The simulation results
are shown to demonstrate the agreement between the measured and
simulated values. Linearity evaluation was limited by the accuracy of
the measurement setup.

the simulated and the measured ranges and sensitivity Gy is
mainly because of the difference between the simulated and
realized Crer and Cy due to process variation and mismatch
(e.g. max Cref, sim. = 500 pF, while max Cpef, real. = 517 pF).

In order to characterize the circuit in resistive mode, its
operation was again measured in three separate ranges, given
in Table I, within the overall resistance range of 3.7-5100 kQ.
These specific ranges were chosen so as to match the resistance
ranges of the target sensor elements [24], [25]. As discussed
earlier, an external current reference I.f was used to have more
flexibility in the measurement. However, current reference can
also be easily implemented on-chip [38]. The parameter values
and a summary of the measurements can be found in Table L.
Fig. 11 illustrates the measured output voltage of the UMSI,
sensitivity Gy, and linearity error as a function of sensing
resistance for the three input ranges. The transfer curve of each
measurement range is linear to at least 13.5 bits. As was the
case for capacitive mode, the evaluation of the linearity was
limited by the accuracy of the test resistance measurement
instrument. Fig. 11 also depicts the sensitivity and linearity
evaluation of the UMSI based on the simulation results. The
measured linearity of the UMSI is again well matched with the
simulation results. The difference between the simulated and
the measured sensitivity Gv is mainly due to the difference
between the simulated and l;ealized Cref and Cy.

Fig. 12(a) shows the measured output voltage of the UMSI
for the time duration of 500 clock cycles (fox = 15 kHz) for
Csen = 0.6 pF. The average or mean value of such a sequence
represents the reduced-noise data and the practical result. The
standard deviation ¢ is 400 ¢V, which describes the effective
rms noise value. A similar test was also performed for the Vet
and Vpp used in our measurements, and the results are shown
in Fig. 12. The rms noise is 926 uV for the Viet, and 944 uV
for the Vpp. The rms noise values of the UMSI as a function of
Csen = 0.6-15 pF and Ry, = 3.7-200 k€ are shown in Fig. 13.
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Fig. 14. Capacitive humidity sensor: (a) measured output voltage of the
UMSI (b) calculated capacitance values of the tested sensor element
using data from (a), typical capacitance values of the sensor element
and the tolerances range (+ 15%) extracted from [23].

The maximum rms noise is 470 x4V in capacitive mode and
404 1V in resistive mode. This corres]ponds to an accuracy of

at least 10 bits (Accuracy = log2 (ful sc"::fﬁ;?ﬁ%; Iolf)it?:)UMSI)).

B. Capacitive Humidity Sensor

The sensor described in this section is a capacitive
atmospheric humidity sensor [23]. It consists of a dielectric
foil placed between a pair of conductive plates. Absorption of
humidity by the sensor results in an increase in the relative
permittivity (er) of the foil, and since capacitance is directly
proportional to the &, therefore, the capacitance of the sensor
increases.

The testing was performed using a fcx of 1 kHz. The values
of Crer and Cr were set to 143 pF and 46.5 pF, respectively. The
sensor was tested in a LabEvent L C/34/40/5 climate chamber
capable of humidity and temperature control. The chamber was
also used for monitoring the relative humidity (RH) using its
internal sensor. The RH of the chamber was varied from 10 to
90%. The temperature of the chamber was maintained at 25°C.
Fig. 14(a) shows the measured output voltage of the UMSI as a
function of RH. The capacitance of the sensor was determined

X X

Padiop Padpor

(b)

Fig. 15. Capacitive proximity, gesture and touch sensor (a) top side of
the sensor element consisting of two coplanar electrodes, etched on a
prototype single-sided PCB. The electrode size is 4 cm x 7 cm and the
gap size is 1.5 cm. (b) conceptual proximity sensing mechanism. One
of the objects being detected was a 4 cm x 7 cm copper plate, and the
other was the experimenter’'s hand.

by substituting the measured output voltage of the UMSI and
the given Crer and Cr in Eq. (2). The calculated capacitance
value of the tested sensor as a function of RH is shown in
Fig. 14(b). The capacitance values as a function of RH of
the sensor element extracted from [23] are superimposed on
Fig 14(b). Note that [23] only provides a typical capacitance as
a function of RH graph, and as is mentioned in the datasheet,
the capacitance values may have + 15% tolerances. The power
consumption of the interface was 2.4 y'W from a 1.2 V supply.

C. Capacitive Proximity, Gesture and Touch Sensor

The proposed sensing system, consisting of the UMSI and a
capacitive sensor element, converts displacement of the object
above the device as well as contact with it to a voltage signal,
so that the system offers proximity, gesture and touch-sensing
capabilities. These capabilities are achieved using a simple
sensor element composed of two coplanar copper electrodes,
etched on a prototype single-sided PCB. The sensor element
is shown in Fig. 15 (a). These electrodes were connected
using wires to the UMSI that was mounted on the test PCB.
In order to reduce the parasitic capacitance, the length of the
wires was kept short, since the wires are also sensitive to the
displacement of the object as well as ambient interference.

Fig. 15 (b) illustrates the conceptual proximity-sensing
mechanism for this experiment, which is based on the mea-
surement of an electric field between the two electrodes of
the sensor. Without the presence of an object, the electric



12270

IEEE SENSORS JOURNAL, VOL. 20, NO. 20, OCTOBER 15, 2020

Copper plate - connected to
—e—the power supply ground

Copper plate - connected to | |
—6—the experimenter’s hand

—e— Experimenter’s hand

Output voltage (mV)

o 2 4 6 8 10 12 14 16 18 20
Distance (cm)

(a)

Copper plate - connected to
—a—the power supply ground

Capacitance (pf)

Copper plate - connected to
—6—the experimenter’s hand

—e—Experimenter’s hand

o 2 4 6 8 10 12 14 16 18 20
Distance (cm)
(b)
Fig. 16. Capacitive proximity sensing: (a) measured output voltage of
the UMSI as a function of vertical distance of the objects to the sensor

element (b) calculated capacitance values of the sensor using data
from (a).

field is contained between the electrodes of the sensor. When
an object with impedance Zy to ground (e.g. a user’s hand)
approaches the sensing electrodes, it affects the near electric
field, and consequently changes the equivalent mutual capaci-
tance (Cp,) between the electrodes of the sensor, and therefore,
the displacement of an object can be detected.

In order to investigate the capabilities of the sensing system
and to observe its response characteristics in real application
scenarios, different prototype experiments were conducted.
All the experiments were performed using the same fgx
of 15 kHz, and the values of Cis and Cf were tuned to
2 pF and 4 pF, respectively. The objects being detected were a
4 cm x 7 cm copper plate, and the experimenter’s hand. In the
first and second experiments, the copper plate was used as the
approaching object. First, it was connected to the ground node
of the power supply, and, second, it was connected to the hand
using a wire. The vertical distance of the object to the sensor
element was changed from 0.2 cm to 20 cm in successive
steps. The output voltage of the UMSI was measured after
each step. In the third experiment, the object to be detected
was the hand of the experimenter, which was moved above the
sensing electrodes at distances of between 0.8 cm and 20 cm.
The resulting output voltages of the UMSI as a function of the
vertical distance of the object to the sensor element for these
three experiments are shown in Fig. 16(a). The capacitance of
the tested sensor was determined by substituting the measured
output voltage of the UMSI and the given Crr and Cy in
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640
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(b)
Fig. 17. Measured output voltage of the UMSI for different hand’s

gestures (a) the original signal, no averaging applied (b) the filtered signal
using a 10-point moving average filter.

Eq. (2). Fig. 16(b) shows the calculated capacitance value of
the sensor as a function of the vertical distance of the object
to the sensor element. The power consumption of the system
was 0.83 W from a 1.2 V supply.

In order to further investigate the capabilities of the system,
the output voltage of the interface was measured when a hand
performed different gestures on the sensor element, including:
approaching the sensor, sweeping horizontally over the sensor,
tapping the sensor, and touching the sensor. The measured
output voltage of the UMSI as a function of time is shown
in Fig. 17(a). The sensor element was very sensitive to the
ambient interference, and consequently, the measured signal
was noisy. Therefore, the measured signal was filtered using
a 10-point moving average filter. Fig. 17(b) shows the filtered
signal as a function of time. As mentioned earlier, the sensor
system offers both proximity and touch-sensing capabilities.
When the experimenter’s hand tapped or touched the electrode
of the sensor connected to the padye, the output voltage of
the UMSI decreased. This reduction can be interpreted as an
increase in the sensed capacitance according to Eq. (2). Here,
the human body affects the equivalent mutual capacitance
(Cm) between the two electrodes of the sensor, resulting in
an increase in the total effective sensing capacitance.

D. Photoconductive Sensor

The sensor discussed in this section is a photoconductive
cell [24]. It consists of a thin film of photoconductive mate-
rial deposited on a ceramic substrate. Increasing illumination
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Fig. 19. Resistive light sensor: (a) measured output voltage of the

UMSI, Igf = 0.11 pA (b) calculated resistance of the sensor using data
from (a).

allows more current to flow, and consequently, the resistance
of the sensor decreases. Therefore, the presence and absence
of light can be detected by measuring the resistance of the
Sensor.

The testing was performed using a fx of 1 kHz. The values
of Crr and Cr were set to 2 pF and 5.9 pF, respectively.
An Amprobe LM-120 light meter was used to measure the
light intensity. In order to increase the sensitivity of the
measurement, the experiment was performed in two steps.
First, the I was set to 2.75 pA, and the illuminance was
varied from 0.83 lux to 39.2 lux. Second, the I was set
to 0.11 uA, and the illuminance was varied from 0.05 lux
to 0.71 lux. The measured output voltage of the UMSI as a
function of illuminance for the first and second experiments
are shown in Fig. 18(a) and 19(a), respectively. The resistance
of the sensor was determined by substituting the measured
output voltage of the UMSI and the given Crr and Cy in
Eq. (4). The calculated resistance value of the tested sensor as
a function of illuminance for the first and second experiments
are shown in Fig. 18(b) and 19(b), respectively.

To demonstrate the entire measured illumination range and
improve readability, the resistance of the sensor as a function
of illuminance from both experiments shown in Fig. 18 and 19
are combined, and shown in logarithmic scale in Fig. 20. The
wide dynamic range of the interface allowed the resistance of
the sensor to be measured by around three orders of magnitude
as the illuminance varied from 0.05 lux to 39.2 lux. The power
consumption of the UMSI, including I .f, was 3.56 ¢'W for the
first experiment, and 0.39 ¢W for the second experiment, both
from a 1.2 V supply.

E. Resistive Force Sensor
The sensor described in this section is a single-zone
force-sensing resistor. It is a robust polymer thick film (PTF)

o
w

o

Resistance (k)

107 10° 10"
Iluminance (Lux)

Fig. 20. Resistance of the tested light sensor using data from Fig. 18
and 19.
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Fig. 21. Resistive force sensor: (a) measured output voltage of the

UMSI, lof = 2.75 A (b) calculated resistance of the sensor using data
from (a).

device that shows a decrease in resistance with increasing force
applied to the surface of the sensor [25].

The testing was performed using a fgx of 1 kHz and the
Lrer was set to 2.75 uA. The values of Crr and Cy were set
to 2 pF and 5.9 pF, respectively. An ESM303 test stand was
used to apply force to the sensor, and a MARK-10 force gauge
M?7-5 was used to measure the applied force. The applied force
was varied from 0.32 Newton (N) to 17.79 N. The measured
output voltage of the UMSI as a function of force is shown
in Fig. 21(a). The resistance of the sensor was determined by
substituting the output voltage of the UMSI and the given Crer
and Cr in Eq. (4). The calculated resistance value of the tested
sensor as a function of force is shown in Fig. 21(b). The power
consumption of the UMSI, including Iref, was 3.56 W from
a 1.2 V supply.

F. Comparison

Table II summarizes the performance of the proposed sen-
sor interface and compares it with the previously published
capacitive, resistive, and capacitive-resistive sensor interfaces.
The UMSI has the second highest linearity and the second
widest overall capacitance and resistance range, while hav-
ing an ultra-low-power consumption. Such performance is
achieved by employing the wide range tunable capacitor bank,
the low-power amplifier with flexible properties, the leakage-
compensated wide-trimming-range bias current generator, and
the system level optimization of the circuit. Most of the
systems presented in Table II are complete systems with
digital or analog output. Therefore, for a fair and reasonable
comparison, the UMSI should be compared with their analog
front-end when it is applicable.
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TABLE Il
PERFORMANCE SUMMARY AND COMPARISON WITH PREVIOUSLY PUBLISHED CAPACITIVE,
RESISTIVE, AND CAPACITIVE-RESISTIVE SENSOR INTERFACES

Bracke [6]  Heidary [7] Wang [9] Xin [10] Choi [13] Li [14] Zhang [18] Lu [19] UMSI
TCASI 07 JSSC 08 SENJ 15 JSSC 19 VLSI 15 VLSI 19 TCASI 07 SENJ 11
CMOS 0.5 um 0.7 ym 0.18 pm 65 nm 0.18 um 0.18 pm 0.5 um 0.13 ym 0.18 pm
Area (mm?) 9.28¢ 2.66 1.2¢ 0.08* 1.232 0.45% 4.842 0.08 1.89°
Digital output yes - yes yes yes yes - - -
Vpp (V) 2.7-3.3 5.0 1.8 0.6 1.2/0.6 1.8 2.7-3.3 1.0 1.2
Csen (F) <25p 1 p-300 p 34p42p 123p-2459p - - 10£-100 p 13a-11n 0.6 p-550 p
Rsen (€2) - - - - 10k-10M 05k45k N/R 5-11.5 M 37k-51M
linearity (bits) 8.2¢|6¢ 14 7.2¢ 10.3¢ 8.9¢ 12¢ N/R N/R >13.5¢
Accuracy (bits)® 8|9 - 8.3¢ 10.2¢ - - N/R N/R > 10
Power (uW) 74102 7000 702|54f 0.00012-12 1.7¢ 34.32 5341712 60 0.39-3.56¢8
fs (Hz) 10 5M 46 k 1-100 k 1.2 k 8 k 1]10 328 k 1k-15k

aComplete system, PIncluding pads, Sextracted from the corresponding literature, dwithin each measured range, ¢Accuracy = log2 (

full scale range

f
max(rms noise) )’ power

consumption of only C2V converter, ¢including I..f, N/R: not reported.

The proposed proximity, gesture and touch-sensing system
can detect the vertical movement of an object up to
15 cm away from the sensor element, while consumes
only 0.69 #A. The previously reported single-plate [31] and
dual-plate [32] capacitive proximity sensing systems provide a
lower detectable range, while consuming 85 x#A and 370 uA,
respectively, which is >10x higher than the current consump-
tion of the system presented in this paper. As stated before,
the proposed system also offers gesture and touch-sensing
capabilities.

IV. CONCLUSION

This paper presents an ultra-low-power interface circuit
implemented in a 0.18 yum CMOS process technology. Unlike
single-sensor interface circuits that are tailored towards dedi-
cated sensors for specific applications, the proposed universal
interface circuit is flexible and highly configurable, and there-
fore, can be integrated into emerging multi-sensor technologies
such as IoT and Aml.

The results show that the UMSI is able to interface various
sensors within an overall capacitance range of 0.6-550 pF
and a resistance range of 3.7 kQ-5.1 MQ, while consuming
only 0.39-3.56 W, with a linearity of more than 13.5 bits.
The UMSI is also characterized by different sensors, including
humidity, photoconductive, and force. The experimental results
demonstrate the capabilities and performance of the interface
in real application scenarios under different environmental
conditions.

A capacitive proximity, gesture and touch-sensing system
is also presented in this paper. The developed system, con-
sisting of the UMSI and a simple sensor element, can sense
multiple gestures, displacement of an object up to 15 cm
from the sensing element, and touching the sensing element.
The proposed system consumes only 0.83 uW from a 1.2 V
supply.

The competitive performance makes the UMSI a
suitable candidate for energy-constrained and high accuracy
capacitance and resistance sensing applications.
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