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Abstract—The ability to monitor blood gases, namely oxy-
gen and carbon dioxide, in real-time is of critical importance
to clinicians in diagnosing and treating respiratory disorders.
Transcutaneous monitors measure the partial pressure of carbon
dioxide diffused from the skin. These monitors are noninvasive
and capable of continuously monitoring carbon dioxide. Conven-
tional transcutaneous carbon dioxide monitors require a heating
element and large calibration equipment for reliable measure-
ments. We propose a miniaturized transcutaneous carbon dioxide
monitor based on a luminescence sensing film and dual lifetime
referencing technique to assess the partial pressure of carbon
dioxide within the 0-75 mmHg range, covering the clinically
relevant range for healthy humans, 35-45 mmHg. We measured
the partial pressure of carbon dioxide with less than ~ 1.6 % error
in the given range without any post-processing and heating.

I. INTRODUCTION

Along with oxygen (O2), carbon dioxide (CO2) is a key
substance found in human vessels, often called blood gases,
that reflects the status of respiratory functions [1], [2]. Ab-
normal respiratory conditions causing significant variations
in the partial pressure of carbon dioxide in arteries (PaCOs)
lead to severe respiratory and neurological complications such
as blackout, seizures, and brain injury, especially in preterm
neonates [3], [4]. Noninvasive monitoring of CO, enables
clinicians to observe the trends and respond to fluctuations
promptly, unlike the gold standard arterial blood gas analysis
(ABG), which is inconvenient for frequent sampling of PaCO4
[5], [6]. Transcutaneous monitoring is a noninvasive technique
to measure CO- that diffuses from the skin, namely partial
pressure of transcutaneous carbon dioxide (PtcCOs). PaCO,
can be derived from PtcCQO, with a linear relation [7], [8].

Traditional transcutaneous sensors, based on electrochem-
ical electrodes [9], rely on a heating element and a bulky
gas bottle for accurate measurements and calibration. The
concerns about traditional sensors’ size, heating, and power
consumption make them unsuitable for long-term, continuous
monitoring. Multiple studies have investigated alternative sens-
ing methods for wearable applications, such as the infrared
(IR) absorption principle of CO2 [10]-[12] or CO;-sensitive
luminescent sensors [13], [14]. For the IR-based solutions,
the sensing range depends on the optical path. Therefore,
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optimizing the sensing range often leads to bulky or complex
gas chamber designs [15], [16], hard to implement as wearable.

We present a luminescent film based PtcCO» monitor which
utilizes dual lifetime referencing (DLR) technique to sense
CO.. This paper demonstrates the feasibility of a miniaturized
wearable, implementing the DLR technique. The rest of the
paper is organized as follows. Section II gives the background
on DLR and the motivation behind choosing this method.
Section III explains the system architecture and how different
DLR schemes are implemented in detail. Section IV discusses
the measurement results, and Section V concludes this paper.

II. DUAL LIFETIME REFERENCING

Luminescent materials emit light from electronically ex-
cited states; a phenomenon called luminescence. The exci-
tation occurs when the material is exposed to photons of
a specific wavelength. Absorption of these photons leads to
luminophores in the luminescent material being excited to a
higher energy state from the ground state. Based on the type
of the excited state, the luminescence is categorized as flu-
orescence or phosphorescence. In fluorescence, a fluorophore
transits back to the ground state within nanoseconds and emits
a photon. Emitted photons have less energy than the photons
of excitation; therefore, they are longer in wavelength. Lumi-
nescent materials are often sensitive to analytes, decreasing
the emission intensity; this process is called quenching [17].
In the case of proposed application, the analyte is COs.

The emission intensity is proportional to COy partial pres-
sure (PCQO5) in the environment and can be used to monitor
variations in PCO». However, the emission intensity can be
altered by confounding factors such as the excitation inten-
sity, detector’s photo-sensitivity, or the luminescent material’s
photo-bleaching. The lifetime of the emitted photons is another
parameter that relates to PCO,. Lifetime measurement yields
more accurate results as it is insensitive to such confounding
factors. However, COy sensors are fluorescent; hence the
lifetime of the fluorophores is in the nanosecond regime [18],
which complicates the design of the readout electronics.

Alternatively, the DLR technique incorporates a secondary
luminophore, insensitive to the analyte, that has a significantly
longer lifetime (typically in us regime) than that of an analyte-
sensitive fluorophore with a short lifetime [19]. The idea
behind DLR is to use a secondary luminophore as a reference,
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Fig. 1. (a) Time-domain and (b) frequency-domain dual lifetime referencing.
equally affected by the confounding factors, and cancel out
these factors by taking the ratio of the luminescence of both
the CO,-sensitive fluorophore and the reference luminophore.
There are two approaches: the time-domain DLR (t-DLR) and
frequency-domain DLR (f-DLR).

In t-DLR, the luminescence is captured during the LED is
ON and after it is turned OFF. The components of the lumines-
cence are analyzed separately in Fig.1.a. When the LED is ON,
the luminescence is the combination of emission of both CO5-
sensitive fluorophores and reference luminophores. The total
luminescence, A,,, is equal to the sum of the areas under the
fluorophore (As) and luminophore curves (A1) from time t; to
ta, (Aon=A1 + As). However, when the LED is turned OFF,
the reference luminophores dominate as the CO,-sensitive
fluorophores decay rapidly and have a significantly shorter life-
time (t4-to>>ts-to). Therefore, the total luminescence during
this period, A, s is the area under the luminophore curve (A3)
from ty to t4, (A, rr=Agz). Furthermore, exposing the sensor
to more CO5 decreases the luminescence of the CO5-sensitive
fluorophores (A4), while the luminescence of the reference
luminophores (Aj, As) is not affected by changes in COs.
In this case, the luminescence will be A,,=A; + A, and
Aofr=As, when the LED is ON and OFF.

It is evident that luminescence parameters (A1, As, As, Ay)
are affected by the confounding factors individually. However,
the ratio, A,n/Aory, yields a measure of CO,, independent
of the confounding factors since only the numerator changes
with COy; however, both sides of the fraction are equally
affected by the confounding factors, resulting in a ratiometric
measurement.

In f-DLR, the sensor is excited by a sinusoidal light wave.
The luminescence components, in the f-DLR case, are visual-
ized in Fig.1.b, as well as the overall signal. The overall signal
can mathematically be expressed as,
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Fig. 2. Measured spectra of the luminescent sensing film emission under poor
and a rich COs environments.

where Aoyr, Afiy, Apum and @opr, @1y, Prum denote the
amplitudes and phases of the overall signal, CO-sensitive
fluorophore, and reference luminophore, respectively. When
the frequency of the excitation is slow, in the kHz range, there
is no phase shift in the COg-sensitive fluorophore, ® f;,=0,
regardless of the PCO,. Therefore, terms cos®y;,, in Eq. (1)
and sin® s, in Eq. (2) become 1 and 0, respectively. ®;,,,,, is
constant and not affected by the PCO variations. Considering

these facts, the ratio, M, results in
Eq. @)
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Hence, the phase shift of the overall signal, ®,,,., depends only
on the ratio of luminescent intensities of the COs-sensitive
fluorophore and reference luminophore.

In this paper, we explore both t-DLR and f-DLR techniques
with an emphasis on the former. Our main goal is to implement
a CO- monitoring prototype that can perform both DLR
techniques in one design to quantify the relation of PCO,
with the COs-sensitive luminescence. We have used square
pulses for the excitation to simplify the design and combine
both techniques.

III. SYSTEM ARCHITECTURE
A. Sensing Film

We have employed a COs-sensitive luminescent film (SP-
CDIT-D10-YAU-09NaCl, PreSens Precision Sensing) to per-
form DLR measurements. The sensing film is 10 mm in diame-
ter and sensitive to up to 180 mmHg CO4 [20]. Fig.2 illustrates
the spectra of the sensing film measured with a Thorlabs
CCS100 spectrometer in COq-rich and -poor environments.
As can be seen, the sensing film emits in two wavelengths
when excited with the blue light of 465 nm wavelength. The
emission peak of the COq-sensitive fluorophore is at 505 nm,
and the emission intensity decreases with increasing CO5. On
the other hand, the reference luminophore emits at 600 nm, and
its emission intensity is independent of CO, amount, obvious
from Fig.2 and as described in Section II.
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Fig. 3. Simplified schematic of the CO2 monitoring prototype.

B. Measurement Electronics

We have designed a CO5 monitoring prototype to evaluate
the t-DLR and f-DLR techniques. The prototype, illustrated
in Fig.3, is divided into three blocks: the LED driver, analog
front end, and phase detector. The prototype is implemented
ina 7 cm x 10 cm prototype circuit board (PCB) with off-the-
shelf components. As this PCB is designed as an evaluation
board, multiple provisional components were not utilized in
the measurements; however, they occupy space on the board.
Without these provisions, the essential circuitry can fit into a
smartwatch-sized board (approximately 3 cm X 4 cm).

The LED driver design is based on a current-sinking digital
to analog converter (DAC). The current-sinking DAC sets the
tail current (Ipry ) of the MOSFET drivers, programmable via
a 2-wire serial interface: serial data (SDA) and serial clock
(SCL). An 8-bit SDA sets the tail current from 0 to 120
mA. The adjustability of the tail current provides complete
control of the LED brightness and the ability to test the DLR
techniques under varying excitation intensities. There are two
MOSFET driver channels, the active and replica channel. The
active channel drives the LED, which excites the sensing film,
while the replica channel maintains the tail current flow when
the active channel is off. The output current of the DAC settles
in 250 us, so at least one channel should be on throughout
the operation to overcome the settling time requirement of the
DAC and to be able to create excitation pulses around tens of
us. We employed a gate driver with an inverting (Vpry) and a
noninverting (Vppy) driver to switch between the active and
replica channel. A microcontroller (MCU) generates the drive
signal (DRV) with adjustable frequency and duty cycle. The
MCU also generates the SDA and SCL to control the current
sinking DAC. For the t-DLR technique, the drive signal is a
pulse, while for the f-DLR, it is a continuous square wave.

The analog front end (AFE) converts the luminescence
of the sensing film to a voltage through a photodiode (D)
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Fig. 4. (a) Image and (b) diagram of the test bench for the evaluation of the
CO2 monitoring prototype.

and a 500 nm long-pass filter, which blocks the excitation
signal. The photodiode captures the luminescence and outputs
a current (Ipp) proportional to the luminescence intensity. A
trans-impedance amplifier (TIA) (A;) converts the photodiode
current to a voltage (Vpp1). The R; feedback resistor sets
the trans-impedance gain, and the C; compensation capacitor
stabilizes the TIA. The output of the AFE, Vpp1, is captured
by an oscilloscope and the data is saved into a universal serial
bus (USB) device for performing the t-DLR technique.

The f-DLR technique quantifies the PCOy according to the
phase shift in the luminescence signal. The f-DLR prototype
employs a phase detector based on a digital phase discrimi-
nator with a 5 V transistor-transistor logic. The inputs of the
phase discriminator are the active LED drive signal, Vpry,
and the logic-level shifted version of the AFE output, Vpps.
Vpry serves as a reference signal to find the phase shift
in the luminescence. The AFE output, Vppi, a continuous
square wave in the f-DLR technique, is buffered to a low-pass
filter (R2-C2), which outputs the mean of Vppi, only a DC
component, Vppo. Then, Vppy and Vppo are fed into a 5
V comparator, which gives Vpps, the level-shifted version
of Vppi, with a 5 V logic required by the digital phase
discriminator. The phase discriminator outputs a pulse train,
Vppy, the duty cycle of which is proportional to the phase
difference between Vpgry and Vpps.

IV. MEASUREMENT RESULTS

We observed the luminescence measured by the CO2 moni-
toring prototype under various COs levels using the test bench
shown in Fig.4. The sensing film is placed in a gas vessel and
excited through a sapphire window sealed to the vessel. The
partial pressure of COy (PCOy) inside the vessel is adjusted
by the mixture of two gases, CO2 and nitrogen (N5). The mass
flow controllers (MFC) control the flow rate of each gas that
sets the PCO, value.

A. t-DLR Measurement

In the t-DLR measurement, an LED pulse with 10 us width
excites the sensing film. The AFE’s output, V pp1, is measured
for 9 different PCO» values, ranging from 0 to 76 mmHg. The
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Fig. 5. (a) Luminescence ratio, and (b) intensity measured by the prototype for two distinct LED drive currents in 0-76 mmHg PCO2 range.
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Fig. 6. LED drive signal, Vpry, and the logic-level shifted luminescence,
Vpps, in 0-76 mmHg PCO> range.

ratio of the luminescence curve areas in each LED state and the
luminescence ratio, (Aon/Aosy), are calculated as described
in Section II. We conducted this experiment with two distinct
LED drive currents (Ipry ), 60 mA and 80 mA. Fig.5.a and
Fig.5.b show the luminescence ratios and intensities for each
case and the percentage variation (A%) between the LED
drive currents, respectively. The t-DLR technique based on
the luminescence ratio has a A% which is at most ~ 1.6%
across the PCO, range while the A% for the luminescence
intensity is ~ 9.5%, demonstrating the robustness of the t-
DLR technique against the excitation strength variation.

B. f-DLR Measurement

The excitation signal is a continuous square wave with a
50 kHz frequency in the case of the f-DLR measurement.
Fig.6 demonstrates the inputs of the digital phase discrimi-
nator, Vpry and Vpps, under varying PCO, from O to 76
mmHg. Increasing carbon dioxide introduces a phase shift,
consequently a time shift in Vpp3. However, the time shift
is inconsistent across the PCO- values and in the ns range,
defeating the purpose of the f-DLR technique. We suppose that

choosing a square wave instead of a sinusoidal wave as the
excitation signal introduces an error in the phase measurement
because of the harmonics present in the square wave [21],
which we did not foresee. Nevertheless, the possibility of using
a square wave excitation for the f-DLR technique and methods
to compensate for the errors is a topic of future investigation.

TABLE I
COMPARISON OF PERFORMANCE PARAMETERS
[22] [12] [23] [24] This Work
Parameters 2016 2020 2020 2021 2022
Modality PetCO2  PtcCO2  PtcOo PtcOo PtcCO2
Supply (V) NA NA 1.8 1.8-3 5
Power (mW) 350 NA 0.631 9 541.25
Size (cmXxcm) NA NA 1C 4x6 7x10
Bandwidth (Hz) NA NA 80 k 200 k 1.15M
Range (mmHg) 0-38 30-50 0-150 0-418 0-75

NA: Not Addressed, IC: Integrated Circuit

Table I compares the the performance parameters of the
designed prototype with the similar works in the literature.
Since this application is a new research area, we have designed
our prototype as an evaluation board to explore both DLR
techniques, therefore the power and the size of our design are
not optimized and can be reduced significantly by focusing
on one DLR technique. Our design achieves the widest PCO;
measurement range among the COy monitors, 0-75 mmHg
which covers the clinically significant range for healthy hu-
mans, 35-45 mmHg.

V. CONCLUSION

We have explored both DLR techniques, namely t-DLR
and f-DLR, to implement in a miniaturized PtCO2 monitor-
ing prototype. The designed prototype successfully quantifies
PCO; in 0-76 mmHg range based on t-DLR technique. The
measurement results have demonstrated that the prototype
monitor is significantly less susceptible to the variations in
the excitation intensity.
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