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Abstract—In this paper, we demonstrate a novel non-invasive,
wearable impedance sensor. The impedance sensor, using an
impedance to frequency measurement, with two modes of resis-
tance and capacitance measurement is implemented in CMOS
130 nm technology. The sensor consisting of current and voltage
comparators for different mode of measurement, has a low power
consumption of 30 µW per channel. The sensor is demonstrated in
two applications, thoracic impedance and hand gesture recognition.
Thoracic impedance is based on impedance modulation through
fluid accumulation. Hand gestures are detected through tissue
impedance sensing. The full thoracic impedance sensing system
is smaller than a credit card, low cost, and consumes 3 mW which
includes the sensor, transmitter, and power control unit. Data re-
ceived by this sensor can be easily transferred for further processing
and, eventually, detection of heart failure. The electrodes were
implemented using conductive paint, and the system was validated
using passive loads to represent human tissue models and test
subjects. The hand gesture system operates on 600 µW with the
maximum number of electrodes, and uses adhesive copper with
electrical paint as electrodes.

Index Terms—Bioimpedance, flexible electronics, hand gesture
recognition, heart failure, impedance measurement, wearable
sensors.

I. INTRODUCTION

E LECTRICAL impedance measurement of biological tis-
sues have been studied for many different biomedical

applications. In this measurement, an electric field between two
electrodes is modulated by the position, and density of tissue (or
particles) between the electrodes. This modulated electric field
can be measured as a current change. Bio-impedance measure-
ments can be performed without resorting to invasive procedures
and has thus been considered as a promising technology for
clinical monitoring for body composition [1], [2], respiration
analysis and cardiac output estimation [3]–[5], cardiac mon-
itoring [6]–[9], obesity management [10], and tracking body
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fluid shifts during physical activity [11]. There have been many
studies regarding impedance sensing to improve heart failure
outcomes. Two of the most trialed applications are intra-thoracic
and trans-thoracic electrical impedance [12]. Gesture recogni-
tion is among other promising applications, practical for medical
needs or next generation smart watches [13]. With the increase of
continuous monitoring applications, portable or even wearable
systems are desirable. Even microcontroller based impedance
measurement systems [14]–[16] are becoming obsolete in favor
of integrated sensing systems because of area and power con-
sumption [17]. We demonstrate our impedance sensing system
using two applications, heart failure and gesture recognition.

Heart failure causes insufficient blood flow to organs with
normal pressure. Acute decompensated heart failure, (ADHF),
results from deteriorating heart function and is a frequent cause
of recurrent hospital admissions. Identification of those at risk
for rehospitalization is of prime importance. Many methods
monitor symptoms that appear late. This increases the chance
that the subject is sent to the ICU which can be costly. Self-care
for chronic heart failure can be done by measuring intra-thoracic
impedance as a sign of fluid accumulations in the thorax [18]–
[20]. Repetitive hospitalizations in heart failure patients can
be reduced by setting alarms based solely on intra-thoracic
impedance or combination of weight, ECG, and impedance [19],
[21], [22].

However, not all heart failure patients are candidates for
implantable devices due to invasiveness and cost. Therefore,
flexible, wearable trans-thoracic electrical impedance measure-
ment systems to prevent heart failure are being studied [24]–[28].
These electrodes can be implemented in patches and textile.
In [25], a 15 cm × 15 cm patch sensor is proposed that mon-
itors thoracic impedance and ECG with low-power and high
resolution in a wearable low cost cardiac healthcare system.
Textile electrode implementation has a dry interface between
the skin and the electrode resulting in an increased impedance
in series with the current injecting electrodes [26]. The design
proposed in [28] has electrodes to measure thoracic impedance
implemented in a T-shirt. Using stretchy textile material for im-
proved contact has also been used [27], however, these materials
may be less comfortable for elderly patients. For better contact,
wet textile electrodes could improve charge transfer between the
electrode and skin and facilitate better textile-based impedance
measurement [29]. Using up to 32 electrodes around the
chest in [30], system implementation for electrical impedance
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Fig. 1. Different topologies as readout system for impedance measurement.

tomography with a single-ended phasic voltage was presented.
Using heavy computational requirements, accurate measure-
ment is derived from of an image of thoracic tissues. We propose
a 10 g trans-thoracic impedance measurement system that is
adhered to the chest using medical tape and facilitates low
impedance connection to skin with conductive electrical paint.

In our second demonstrated application, non-invasive, high
accuracy recognition of hand gestures is realized through
impedance measurements. This system can be incorporated in
the next generation of smartwatches to be used in real-time
translation of sign language or as an interactive interface with
smart devices. Before the use of wearable sensors, hand gesture
recognition was implemented using cameras where a picture
is taken for a single gesture and sent out for classification [31].
However, an imaging system requires a line of sight, has a heavy
computational load, and uses expensive equipment. Thus, there
is a need for cheaper, portable devices. In [32], [33] discrete hand
gestures are recovered using the interior impedance geometry
of a user’s arm. This application, called Tomo (impedance
measurement for tomography), is one of the few systems that
uses a wearable system to recognize hand gestures.

Among portable hand gesture recognition designs, there are
other sensors modules which are utilized [34]–[36]. In [34],
Jung et al. uses air pressure sensors, which are large in size,
allowing only few sensors around the wrist. In [35], a polymeric
strain gauge sensor is used to identify movements employed for
rehabilitation and [36] uses flexible capacitive pressure. These
two sensors lack accuracy and recognise only a few patterns.
In a more recent design, FPGA implemented a neural network
along with commercial ICs were used for a high-performance
hand gesture recognition [37], [38]. In [38], a human-machine
interface operates as a link between the user and a hand prosthe-
sis using an array of electrodes on the user’s forearm to create
a bio-impedance image. [39] presented a partial integration of
a 16-electrode electrical impedance tomography system, im-
plemented in CMOS where an FPGA is used for impedance
extraction and the excitation signal is provided by a fabricated
current-steering DAC. To reduce computational load, power
consumption, device area, and increase accuracy, we use an
integrated impedance sensor. This sensor facilitates having more
that 32 arrays around the wrist.

This paper presents a wearable CMOS impedance to fre-
quency converter suitable for our two applications of choice,
non-invasive measurements of thoracic impedance and hand
gesture recognition. Preliminary results of the impedance

measurement circuit only was presented in [40]. Here we expand
to include the sine wave generator, electrodes, and wireless trans-
mission into a wearable sensor. To the best of our knowledge
this is the first time a low power implementation of analog
CMOS devices has been used for these applications. The low
power implementation and small size of these circuits will lead
to increased battery life for wearable devices and increased
accuracy.

Among impedance measurement topologies available
(Fig. 1) [41], conversion to frequency or using lock-in amplifier
to extract the real and imaginary part of impedance [23],
[42]–[49] are more suitable for wearable systems. The frequency
conversion topology is less power consuming. To the best of
our knowledge, our topology is the first correlating current
change to resistance and delay to measure capacitance with
only 4 circuit blocks. The output of our system is frequency,
which can be transmitted without the need for bulky and
power-consuming analog to digital converters. Using a custom
impedance measurement circuit makes this system have the
lowest weight and power consumption among the state of art
designs. The whole system can be attached to the skin using
medical tape and does not need tight clothing or uncomfortable
straps. The design and implementation of the impedance
measurement system and sine wave generator is discussed in
section II. Simulation and experimental results for the system
and its application in hand gesture and transthoracic impedance
measurements are discussed in section III. Finally section IV
gives the conclusion.

II. DESIGN STRATEGY AND SPECIFICATIONS

The overall design is shown in Fig. 2(a). The input is an alter-
nating AC voltage that goes through the tissue. The voltage and
the frequency cannot be sensed by humans. Comparators then
operate in 2 phases which measures the electrode potential and
current. In the resistance sensing phase, the current is compared
to a reference current, the amplitude is therefore proportional to
the resistance. The current is,

i =
Vref sin(ωt)

ZR
(1)

where i is the current through the cell, vref is the amplitude of
the excitation signal, ω is the frequency, and ZR is the cell’s
resistance.
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Fig. 2. (a) Proposed impedance to frequency design (human body picture taken from [50]) that includes (b) a low power current comparator to measure resistance,
(c) SR-latch circuit, to convert pulse width resulting from the measured resistance to a high frequency pulse train, (d) XOR gate circuit to detect the phase change
between a reference signal and signal processing through a tissue, and (e) voltage comparator circuit to detect the difference of a constant voltage crossing between
a reference signal and signal passing through tissue. (f) The thoracic impedance measurement system.

Using a comparator that switches between low and high, the
changes in current is monitored. An increase in input voltage
results in an increase in the input current. When the current
increases above the reference voltage, the output of the cur-
rent comparator goes high. This happens since the difference
between the reference current (I0) and the measured current is
positive, thus, I0 − VrefSin(ωt)

ZR
> 0. As the current falls back

below the reference current the voltage goes low. Since the
input frequency is fixed, the period of the output stays the same
with changing of input impedance. However, the pulse width is
dependent on the input resistance. The pulse width of the high
signal is,

PWR =

(
sin−1 I0ZR

Vref

)
/ω (2)

where PWR is the pulse width associated with the resistance.

For both resistance and capacitance measurement, the ref-
erences are created by a potentiometer and supply voltage. In
future designs, these references will be replaced by dynamic
circuits.

For capacitance measurement, voltage comparators detect a
constant voltage crossing. Because of the change in phase, the
signal going through a tissue crosses zero (or any other constant
voltage) at a different time, than the reference AC stimulating
signal. The difference in time for the original and delayed signal
phase (φ) crossing a voltage is detected by the XOR,

PWc = φ = tan−1

(
jΔZCω

R

)
(3)

where PWC is the pulse width, associated with the phase dif-
ference detected by our XOR, ΔC is the change in capacitance,
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and j is
√−1. Both modules give information in terms of pulse

width.
Pulse width is not a convenient parameter to be measured

by other analog blocks or to be translated to digital values to be
saved in memories. Thus, we use an SR-latch as a high frequency
modulator to translate the pulse width to a high frequency pulse
train. An input pulse that can be generated using a VCO and
that has a higher frequency, is connected to the reset pin of the
SR-latch. This makes the pulses have a higher frequency as long
as the output of the current comparator is high. When the output
of the current comparator drops to ground, the output of the
latch stays low. Using this method, with a larger pulse width, a
higher frequency pulse train is seen at the output of the SR-latch.
Assuming the PWC or PWR have the pulse width n times the
pulse width of SRlatch, the R and C can hence be associated with
the number of pulses npulse. To calculate npulse, the number of
pulses in a given time period, the resistance measurement can
be written using its Fourier series representation,

xR(t) = Σ∞
−∞

1

jπn
e

j2πnt
TR (4)

Assuming a pulse width Tref , the reference signal is,

xreference(t) = Σ∞
−∞

1

jπn
e

j2πnt
Tref (5)

The number of smaller reference pulses that can fit into the
larger resistance measurement is the ratio of the reference and
the measured resistance. This is given by,

npulse =
Σ∞

−∞e
j2πnt
TR

Σ∞−∞e
j2πnkt
Tref

(6)

The sensor system operates from 100 Hz up to 1 MHz, this
range is limited by the frequency of the transmitter used and
the application the system is utilized for. This means that the
system can be used with a large range of impedances by adjusting
the stimulating signal. For tissue impedances based on values
reported in [42], and other literature listed in comparison table
in the conclusion, the frequency of 1–5 kHz was chosen as the
stimulating signal in a single frequency mode. For hand gesture
recognition, a frequency of 40 kHz is used. There have been
studies comparing the use of single frequency versus swept
frequency excitation for impedance measurement. Biological
tissue is comprised of varying types of cells with a complex
interconnected system consisting of water and other molecules
and ions. Thus, higher frequencies versus lower frequencies in a
multi-frequency based system can provide additional informa-
tion about cells and tissues that only using a single frequency
cannot. On the other hand, single-frequency devices are more
economical, simpler to implement, and easier to use [51]. Given
the chosen application, we take advantage of the simplicity of
single frequency implementation. Here the input voltage of the
VCO can be tuned manually to change the frequency. In addition,
the excitation frequency used differs depending on the density of
the tissue being measured. For the current resistance resolution
the amplitude of the signal is chosen at 0.5 V peak-to-peak,
contributing to current of 100 μA-500 μA using the limiting

resistors. Reducing the amplitude is proportional linearly with
the reduction of resolution of the resistance measurement block.

It is worth mentioning that the same scheme of capacitive
measurement can be used for inductive measurement. Here the
delay caused by capacitor is measured, in case of an inductive
load the signal lag would be measured. The XOR gate, however,
has no means to detect if signal is leading or lagging. This could
be implemented using a circuit that calculates the tangent of
the load and differentiates between the inductor and capacitor
by the sign of this component. In our design, since the tissue is
modeled mostly as a capacitance, we only considered capacitive
measurements. In the next section, the details for designing
different blocks of our circuit are explained.

A. Sinusoidal Wave Generator

The first module in biomedical and chemical sensor mi-
crosystems is the compact signal generators. There are sig-
nificant researches that solely work on tunable accurate sine
wave generator implemented in CMOS technology. In [52],
a signal generator was designed which produced analog sine
waves from 4.8 Hz to 39 kHz with 330 μW of power. The
signal generator was controlled by digital signals, which results
in having better frequency accuracy, unlike the oscillators and
nonlinear transform generators. [53] presented a low THD, low
area, and low power sinusoidal current stimulator circuit for
bio-impedance measurement. The design consisted of a recur-
sive digital oscillator in order to generate the sine wave and
embedded FIR filters combined with delta-sigma modulated
1 bit current source for digital-to-current conversion with a
high resolution. The system consumed 55.6 μW for 20 kHz
frequency. To characterize the base impedance measurement
circuit without any possible errors from a signal generation
circuit, functionality was initially performed with a benchtop
function generator which is assumed to be ideal.

However, to have a complete portable system and determine
the effects of the errors of a non-ideal sine wave generator, the
sine wave generator was implemented using two methods, first
using discrete components and second using an integrated on-
chip version. For the discrete sinusoidal wave generator an XR-
2206 is used that does not need any programming to generate the
wave and has a tunable frequency by changing the resistors and
capacitors (Fig. 3). These discrete chips are becoming obsolete in
favor of microcontroller-based sine wave generators. However,
in our application, we targeted a low-power and low area design
that pushed us to eliminate microcontrollers and use the XR-
2206 instead. This discrete sine wave generator has symmetry
adjusting and distortion tuning using two potentiometers. The
system has the drawback of needing a separate power supply
from our board (minimum 6.6 V) and high power consumption
compared to other modules of our system (80 mW).

For the integrated circuit implementation, a standard current
starved 5 stage VCO topology and a buffer, implemented in
180 nm CMOS technology, followed by an RC filter was used.
The current starved VCO, operates over the frequency range of
100 Hz to 2.5 MHz, where a 0.1 V change results in 500 Hz
change with wide dynamic range and linearity at significant
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Fig. 3. XR2206 discrete chip to generate a sine wave [54].

low power. The transistor sizes were as follows, MP1, MP3
= 6 μm/2μm; MP2=60 μm/2μm; MN1, M5 = 3 μm/2μm;
MN2= 40μm/5μm; MN3= 3μm/1μm; MN4= 30μm/1μm.
The digital buffer used 2 inverters where the first inverter has
PMOS, NMOS aspect ratio of 6 μm/2μm and 4 μm/5μm
respectively and the second inverter has PMOS and NMOS
aspect ratio of 24 μm/2μm and 16 μm/5μm respectively. The
output of this stage is a square wave, and a simple RC filter
extracts the first harmonic of the square wave. The RC filter
operates over a frequency range of a few kHz with a single
R and C value. R and C need to be changed if the frequency
changes more than a few kHz. However, this design is suitable
for our application that stimulates the tissue at a single frequency.
To mitigate any loading effects from the system another buffer
was included using a MCP6004 discrete chip. This low power
op-amp operates with voltage as low as 1.8 volt and sub-mW
power consumption.

B. Current Comparator

The current-mode comparator determines if the received in-
put signal (in the form of a current) exceeds a reference or
pre-defined threshold current, and produces a voltage based
on this comparison. Generally, current comparators are used in
high-speed applications such as non-linear current-mode signal
processing and analog to digital conversion. High resolution
is another feature of current comparators which can be useful
in current-mode image compression chips [55]. The design is
illustrated in Fig. 2(b). As seen in this figure, both the changing
and reference current go to one node. The design based on [56]
in 1992 is a low input impedance current comparator that has
led to broader use of the structure. The proposed circuit reduces
the propogation delay by reducing the input capcitance through
having the input current at the source of M1 and M2.

If the sum of Iin and the reference current applied to the
comparator is positive, V1 goes high and is amplified by M2

and M4 (here we assume M1 has initially turned on). M5 −M8

are just two inverters used to give a rail to rail output voltage

TABLE I
TRANSISTOR SIZING

signal. Based on current direction to the comparator, the gate
of M5, M7 would have either a low or high impedance path to
ground translated by the two inverters to a low or high voltage,
respectively. When the input of the inverters is a high impedance
node, and with the gate of the inverters drawing almost zero
current, the voltage is close to the voltage connected to the input
current (VDD) which causes a high voltage at the output of the
second inverter. Using the two inverters facilitate connection of
this voltage signal to the next stage while mitigating loading
effects.

C. SR-Latch, XOR, and Voltage Comparator
With Rail to Rail Swing

A CMOS NAND gate based SR-latch is used as the output
stage of the impedance to frequency system. In this design,
transistors are sized to operate with extremely low power of
3 nW and are fast enough to be compatible with the switching
rate of 10 MHz. The designed SR-latch is shown in Fig. 2(c)
and the XOR circuit is shown in Fig. 2(d). The comparator
circuit is shown in Fig. 2(e). M1 −M4 is preamplifier stage,
M10 −M13 enhances the decision by positive feedback from
the cross coupled devices, and M14 −M18 is the post amplifier
circuit. All transistor sizes is shown in Table I. The transistors
are sized for low power consumption.

D. Transmitter and Receiver

In order to transfer the output signal for remote further
processing, the commercially available Quasar UK FM hybrid
transmitter module is used. The module is very simple to setup,
does not need additional parts to operate and offers low current
consumption (typ. 1 mA). Data can be supplied directly from
CMOS/TTL devices and has a low hardware cost ($ 6). The
low current consumption, allows for extended battery life when
used in mobile applications. The FM transmitter is depicted
in Fig. 2(f) and the receiver block can be seen in Fig. 5. In
comparison to RF module used in [15], [16], this RF transmitter
uses 10 times less power, is smaller and does not require a
micro-controller to send or data. The receiver system is flexible
to setup, in our setup the receiver was connected to an Arduino
board and the received data was communicated to a laptop trough
serial communication. The Arduino is used primarily for ease
of use in connecting the receiver to the laptop.
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Fig. 4. (a) On-chip current starved VCO and (b) RC filter to generate a sine
wave.

Fig. 5. FM receiver setup with Arduino.

III. SIMULATED AND EXPERIMENTAL RESULTS

The designed impedance measurement system was tested both
through simulation and experiment to confirm the functionality
of the circuit. In the experiments without the on-board sinu-
soidal generator circuit, a Hewlett Packard, 33120 A waveform
generator is used to generate an ideal stimulating sinusoidal
signal. An Agilent E3831 A is used to supply the DC voltages,
and all signals are recorded using Agilent technologies-X3104
Storage Oscilloscope. To generate the sinusoidal signal on the
system boards, two options were tested, a discrete XR2206
and on-chip VCO with discrete filter is used. The XR2206
increase the overall system area by 4 cm2 and consumes 80 mA
of power consumption. The VCO is implemented in 180 nm,
consumes 110 μA and has the area of 0.04 mm2. The VCO
based sinusoidal voltage generator system with discrete buffer

Fig. 6. Experimental measurements of (a) output of the VCO before the RC
filter, showing a signal with a distortion and (b) sinusoidal voltage after the RC
filters and the buffer with the impedance sensor connected to it.

and RC filter increases the power consumption to 240 μA and
the size by 2 cm2. Fig. 6 (a) shows the output of the VCO before
the RC filter, Fig. 6 (b) shows the sinusoidal voltage after the
RC filters and the buffer with the impedance sensor connected.

1) Resistance sensor:
As noted in section II, the first block of the resistance mea-

surement system is a current comparator. The simulation results
of the current comparator is depicted in Fig. 7. For doing the
DC characteristics of the current comparator, in Fig. 7(a), we
connected a 6 μA on one input and swept 4 to 8 μA on the other.
This showed an output change of GND to VDD on 6 μA. In
Fig. 7(b) the positive input is swept from 4 to 8 μA, while the
negative input is stepped from 4 to 8 μA in 1 μA increments. As
shown in Fig. 7(a), the offset is about 0.2 μA. The derivative of
this plot shows the gain of this comparator (Fig. 7(c)) which is
about 4 M.

For comparison, a constant current and a sinusoidal reference
were used as the inputs. As depicted in Fig. 8, the output pulse
is low when the input current is lower than the reference and
is high when the input current is higher than the reference. The
plot is shown for 1 μA and 8 μA.

To test the circuit experimentally, a sinusoidal voltage source
with a 0.5 V amplitude and frequency of 1 kHz was used as one
input and the other input was a changing DC voltage. Both inputs
went through 5 K resistors to generate current. The transient
response of the circuit is shown in Fig. 9. In Fig. 10, the output
is tested for different values of resistance which confirm the
linearity of the impedance measurement circuit over a large
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Fig. 7. Simulated current comparator characterization using DC sweep.
(a) Current comparator having 6 µA on one input and a sweeping 4 to 8 µA on
the other, showing and output change of GND to VDD on 6 µA. (b) Positive
input is swept from 4 to 8 µA, while the negative input is stepped from 4 to 8
µA in 1 µA increments. (c) Gain of the current comparator.

range. Published values for the resistances range from 102 to
105 Ωcm2, with most around 1 kΩcm2, and as seen in Fig. 10,
our circuit is functional in this range. The capacitance is usually
given as around 0.1 μF/cm2, with published data between 0.1
and 1 μF/cm2. As a separate test, the capacitance was set to a
low value (1 pF) and to a high value (10 μF) to determine if the
system could detect a faulty connection to the skin. Under these
conditions, the resistance measurement changed to a flat line.

To change a pulse width to the high frequency pulse train, a
reference with a larger frequency and an SR-latch was chosen to
modulate the pulse-width. The next block tested experimentally
is the SR-latch. The output of the SR-latch is shown in Fig. 11.
When the set signal is high, the output is high and when the
reset is high, the latch is reset. This block was tested with VDD
a low as 0.5 V to show the functionality of latch even with small
changes. In our design, the time reference used was 10 MHz.
Here the pulse frequency at the output is correlated with the

Fig. 8. Current comparator simulation output for a changing sinusoidal input
compared to a constant DC current input for 2 different reference currents.

Fig. 9. Transient response for experimental impedance measurement for 2
different currents.

pulse width of the input signal. With a wider pulse width, there
is an increased number of pulses of fixed width and lower pulse
width means decreased number of pulses with fixed width. The
accuracy of the system can be increased if a higher frequency is
used as the SR-latch reference.

To see the linearity of our system, the output frequency was
measured for 10 Ω to 10 kΩ input impedance at every 1 kΩ. The
experimental results are shown in Fig. 12.
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Fig. 10. Experimental measurement for different system output pulse width
for difference impedance showing linear duty-cycle with decrease in impedance.

Fig. 11. Experimental SR-latch output showing high output when set signal
is high, and low output when reset is high.

Fig. 12. Experimental system output frequency for 10 Ω to 10 kΩ.

2) Capacitance Sensor: To test the capacitance measurement
system, the reference AC stimulating signal is passed through a
reference resistance and an impedance that consists of resistance
and capacitance. Since the signal going through a capacitive
element changes the phase, voltage comparators can be used to
detect a constant voltage crossing.

For doing the DC characteristics in the voltage comparator
(Fig. 13(a)), the positive input is swept from 0 to 1 V while the
negative input is stepped from 0-1 V in 100 mV increments.
The derivative of this plot shows the gain of this comparator
(Fig. 13(b)). As shown in the plot, A is approximately 10,000.
This change in phase is converted to duty cycle using an XOR
gate. To see the linearity of the system, the output frequency was

Fig. 13. Simulated voltage comparator characterization using DC sweep.
(a) Positive input is swept from 0 to 1 V while the negative input is stepped
from 0-1 V in 100 mV increments. (b) Gain of the current comparator.

Fig. 14. Experimental system output pulse width for different capacitances.

measured for 10 nF to 200 nF input capacitance at every 10 nF.
The simulation results are shown in Fig. 14.

To test the capacitance measurement system, the reference
AC stimulating signal is passed through a reference resistance
and an impedance that consists of resistance and capacitance.
Fig. 15 shows the transient response for 100 nF that has a duty
cycle of 90 μs. The duty cycle was also recorded for 50 nF and
33 nF that showed the duty cycle of 45μs and 30μs respectively.
The system layout was done in 180 nm CMOS technology. It
can be seen from Fig. 16 that the total area of the system does
not exceed 300 μm2. Fig. 17(a) and Fig. 17(b) show the result
of measuring a complex impedance. In Fig. 17(a) resistance
measurement is done while having 3 different capacitance, and
in Fig. 17(b) capacitance is measured while having 3 different
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Fig. 15. Experimental transient response for 100 nF experimental impedance
measurement.

Fig. 16. Fabricated impedance to frequency photomicrograph.

resistance. This shows an ignore-able counter measurement
while having complex measurement. Since a non-ideal signal
generator may contribute error to the impedance measurement,
Fig. 17 also shows the capacitance and resistance measurement
for the discrete function generator and VCO based function gen-
erator for the 5 passive loads (triangle and circles respectively).
The measurements done with the two latter non-ideal sources
is subtracted from the measurement done with the function
generator and the value is divided by the resistor/capacitor value
and averaged. Based on this, the resistor measurement had an
error of 5% and the capacitance measurement had an error of
7% using the VCO based circuit.

The noise measurement was done using SR785 showing an
average noise density of 12 μV/Hz in the 10 Hz to 100 kHz
frequency range. The sensor’s sensitivity is a function of the

Fig. 17. Experimental RC simultaneous measurement showing (a) Resistance
measurement for 3 different capacitances. A small change in resistance mea-
surement with 3 capacitance values, 10 nF, 47 nF, 100 nF. (b) Capacitance
measurement for 3 different resistances. A small change in capacitance mea-
surement with 3 resistance values, 1 kΩ, 5 kΩ, 10 kΩ. (Lines are derived using
a benchtop signal generator for the exciting signal).

SR-latch reference input, making the resolution of the system
tunable. To be compliant with the transmitter frequency rate
(433 MHz) the signal reference was chosen 10 MHz, switching
up to 1000 times in the 1 ms bandwidth of the signal. Each output
pulse of the output stage of SR-latch is therefore associated
to 0.5 Ω of impedance change. If the stimulating sinusoidal
frequency is increased by ten, with the same SR-latch frequency
of 10 MHz, each pulse of the SR latch corresponds to 10 Ω and
the system will still be functional but with the resolution reduced
from 1 Ω to 10 Ω.

3) PCB Fabrication: The PCB was then fabricated using Ex-
press PCB which is illustrated in Fig. 2(f). The system depicted
can be connected to chest for Trans-thoracic impedance mea-
surement (first application). The trans-thoracic system is shown
in Fig. 18. For hand gesture recognition (second application) it
is developed using adhesive copper tape and 16 1.5 cm ×1 cm
electrodes were made on a velcro strap. Fig. 19 shows the system
on wrist. To reduce the error, the same size of electric paint is put
on the wrist. Our fabricated PCB uses a coin battery to power up
the whole system and a MAX 863DS, a dual, high-efficiency,
DC-DC controller is used to supply the chip voltage. The MAX
863DS is cheap and can supply adjustable voltage as low as 1 V
using 2 feedback resistors marked on the PCB as FB1 and FB2.
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Fig. 18. Impedance measurement system, with conductive electrodes, placed
on skin using medical tape to measure the impedance.

Fig. 19. Hand gesture recognition system.

Fig. 20. Experimental input signal to transmitter and signal received at the
receiver (a) 30 cm and (b) 1.5 m away shows number of pulses stays the same.
The number of pulses is then counted and impedance information is extracted.

TABLE II
HUMAN EXPERIMENTS DONE 5 TIMES IN A DAY EVERY 3 HOURS SHOWING

MEASURED RESISTANCE, CAPACITANCE AND STANDARD DEVIATION

Fig. 21. Experimental hand gesture recognition results showing the impedance
of sign language letter A-D. The impedance is measured in ratio to relax status
in (a) heat map (b) line plot.

Another advantage of the MAX 863DS is its low-battery Output
(LBO), an open-drain N-channel MOSFET output that is con-
nected to ground when the voltage on low-battery comparator
input (LBI) drops below 1.25 V. To use this function the LBI
pin is set to 1.25 V, therefore when the battery voltage drops
lower than 1.25 V, LBO is connected to ground. A low power
SMD LED is connected to this pin, in series with a resistor
and connected to battery so that it indicates the need to change
the battery when it turns on. The signal is then modulated and
sent by the transmitter. The transmitted and received signal for
a constant resistance is shown in Fig. 20, the transmitter was
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TABLE III
COMPARISON WITH STATE OF THE ART TRANS THORACIC SYSTEMS

* This design is not a whole system but an impedance sensing chip without a means of data transfer. ** This includes the power for VCO based sine wave generator and all discrete
modules.

TABLE IV
COMPARISON OF HAND GESTURE RECOGNITION SYSTEMS WITH STATE OF THE ART

tested both with 30 cm and 1.5 m distance from receiver, with no
degradation of signal. The last stage of our circuit is an SR-latch
that changes the pulse width to a high frequency pulse train.
The pulse width associated with the resistance or capacitance
measured is coded in the number of pulses. Since the data is
coded to the number of pulses, receiver delay or the change of
signal amplitude from chip level (1.8 V) to TTL (3 V) during
transmission causes no problems.

4) Human Experiments: For human subject experiments, the
recruitment and testing complied with the IRB code of con-
duct [61]. All the participants read and signed a consent form
before entering the study. They were explained the process and
could stop participating at any time. For the thoracic impedance
measurement a male and female subject were tested. For the
hand gesture recognition the system was tested on one female
subject.

Thoracic Impedance: To the authors knowledge there are
currently no FDA approved impedance sensors available for
medical use to detect trans-thoracic impedance. In 2009 Cor-
ventis Inc. released an FDA cleared non-invasive, wireless car-
diac monitor system [58]. This company was later acquired
by Medtronics that change the device application to be an
implantable cardiac monitor. There are other non FDA approved
devices, like the Zenta watch from VINAYA [59] that could not
be used for biomedical signal acquisition per human experiment
code of conduct. Therefore to have a benchmark impedance
for the impedance measurement for the thoracic impedance, an
Agilent 4294 A precision impedance measurement analyzer is

used. The system was tested on a male and a female to prove
the measurement remains constant in time for a healthy person.
The signal is measured and calculated for 5 times in a 12 hour
period and the average impedance along with standard deviation
is shown in Table II.

For human measurements, the system shown in Fig. 18 was
used. The electrodes were based on a nontoxic conductive elec-
tric paint The measured impedance for these electrodes were
33.7 Ω to 42.1 Ω (mean of 37.9 Ω and standard deviation of 4.2
Ω) in line with the expected 32 Ω/Square [60]. The motivation,
design, and validation of the conductive paint based electrodes
will be addressed in a future work.

Hand Gesture: The hand gesture recognition system was
stabilized on the wrist using an adjustable Velcro tape. The 16
electrode and conductive paint dots on the wrist was placed
and a stimulating signal was applied to each electrode pair.
The impedance on the other electrode was then measured. The
experiment was repeated 4 times for each gesture and for 5
different gestures. The results are shown in Fig. 21. When
doing the experiment the stimulation 40 kHz sinusoidal signal is
applied thorough two electrodes, for measurement the electrode
adjacent to the stimulating electrode is ignored and all the other
pairs are measured giving 13 measurements. In Fig. 21 (a) the
results is shown in a heat map for letters A-D shown in sign
language. For this experiment, the stimulation electrode is placed
on the palm side, in the middle of the wrist where the main
tendons lies. For a better presentation, impedance ratio to relax
is shown in the figure. The impedance for the relax position is
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therefore one and all the other impedances are compared to the
relax position. It is observed that electrodes that are placed on the
bone have a slighter change in different hand gestures. Fig. 21
(b) shows the pattern of impedance measured for different hand
gesture. This data measurement is proof of concept that with data
processing along with a simple predicting algorithms, gestures
of sign language can be detected with a device with 30 μW
power consumption per channel. In our experiment, a single
sensor was used which is switched amongst the electrodes. There
are advantages and disadvantages to this approach. The primary
advantage is power savings. Another advantage is eliminating
cross talk between wires, compared to 13 simultaneous data
transfer. The off-chip power management unit along with the
sensor consumes 600 μW. If separate impedance sensors were
used for each electrode, there will be an additional 450 μW
power-consumption. Increased number of sensors will increase
the accuracy and the speed of the recognition from 4 millisec-
onds to 0.25 milliseconds. The comparison of the designed
sensor impedance measurement system to state of art with other
systems used in biomedical application is shown in Table III and
Table IV.

IV. CONCLUSION

In this paper, a low power compact impedance measurement
system was demonstrated. The impedance sensing system is
designed in a 0.18 μm CMOS technology. The core sensors
operate on 30 μW for tissue impedance applications per channel
and 600 μW for the hand gesture with 16 electrodes. Assuming
mass fabrication for the chip and PCB, the system cost is under
$10 and consumes 3 mW with the RF transmitter module. Using
a 3 V coin battery the system can work for up to 140 hours
without the need for standby mode or a pause in impedance
sensing. The system weighs 10 grams and is 4.5 cm × 2.5 cm
big, making it suitable for connection to the body using adhesive
medical tape and obviating the need for any king of strapping.
The functionality of the system is tested with conductive paint
on filter paper for accuracy. With the advancement of conductive
paints in near future, the use of the system is possible without
the need for medical electrodes and contact gels. To have a chip
that is capable of sweeping the frequency, an automated means
of sweeping this frequency could be added to the integrated
circuit.
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