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A novel miniaturised photometer has been developed as an ultra-portable and mobile analytical chemical
instrument. The low-cost photometer presents a paradigm shift in mobile chemical sensor instrumentation
because it is built around a contactless smart card format. The photometer tag is based on the radio-
frequency identification (RFID) smart card system, which provides short-range wireless data and power
transfer between the photometer and a proximal reader, and which allows the reader to also energise the
photometer by near field electromagnetic induction. RFID is set to become a key enabling technology of the
Internet-of-Things (IoT), hence devices such as the photometer described here will enable numerous
mobile, wearable and vanguard chemical sensing applications in the emerging connected world. In the
work presented here, we demonstrate the characterisation of a low-power RFID wireless sensor tag with
an LED/photodiode-based photometric input. The performance of the wireless photometer has been tested
through two different model analytical applications. The first is photometry in solution, where colour
intensity as a function of dye concentration was measured. The second is an ion-selective optode system in
which potassium ion concentrations were determined by using previously well characterised bulk optode
membranes. The analytical performance of the wireless photometer smart tag is clearly demonstrated by
these optical absorption-based analytical experiments, with excellent data agreement to a reference

laboratory instrument.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The past decade has witnessed significant advances in chemical
sensing modalities, not least of all where technology improve-
ments have allowed miniaturisation of chemical sensors and
closer integration with electronic instrumentation and wireless
communication technologies. Proponents of the Internet of Things
(IoT) predict that there will soon be a vast number of connected
devices, including chemical sensors, able to monitor and sense
their ambient environment and to share this data with the
internet and cloud-based computing services. At a system level,
wireless data transmission clearly offers benefits for certain
chemical sensors in certain applications. The main advantages of
wireless sensing, which arise from the elimination of extensive
wiring, are improved mobility, unobtrusiveness, lower installation
costs and higher nodal densities [1]. Wireless chemical sensors
and biosensors are destined to have ever greater application in
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healthcare diagnostics, environmental monitoring, process mon-
itoring, food quality monitoring and security [2].

To meet the growing demands for in situ monitoring of
different chemical analytes in these diverse application areas there
is a need for reliable, low-cost, low-power devices that are
compatible with wireless communications systems. In the last
few years there has been an upsurge in wireless chemical sensing
devices due to the availability of ubiquitous wireless standards,
including the global system for mobile communications (GSM),
Bluetooth, ZigBee, WiFi, radio-frequency identification (RFID) and
more recently near field communication (NFC). The general avail-
ability of wireless technologies based upon open standards has
provided a technology push for wireless chemical sensors (WCSs)
and chemical sensor networks (WCSNs). This phenomenon has
been described in detail elsewhere in review articles [3] and in
application specific reviews of the agri-food [4], chemical process
monitoring [5] and homeland security [6] sectors.

RFID/NFC is an interesting short-range radio technology for
integration with chemical sensors due to the ultra low-power
consumption, low implementation costs and relative low-level
complexity. The predictions are that RFID is set to become a key
technology of the Internet of Things (IoT) [7].

Several RFID-based chemical sensors have therefore been devel-
oped, including RFID tags with integral gas sensors for monitoring
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food quality [8], with olfactory sensors (electronic noses) for
integration with low-cost printed RFID tags [9,10], and for disinfec-
tion control in hospitals [11]. Potyrailo et al. have developed multi-
analyte gas sensors from RFID tags for the detection of organic
vapours [12] and also for use in food logistics [13].

Optical detection modalities can bring certain advantages over
other methods of detection in chemical sensing systems. Optical
sensors are generally non-destructive, easily miniaturised, not
affected by electrical or magnetic interference, and are relatively
inexpensive [14]. There have been significant advances made in
the development of low-cost optical chemical sensors due to
improvements in performance, availability and cost of optoelec-
tronic components, especially light emitting diodes (LEDs) and
photodiodes. Light emitting diodes were first used in optical
sensors in the 1970s [15], and have been used abundantly since.
This is mainly due to their relatively low power consumption
(compared to laser or laser-diode light sources), low cost, small
size, robustness, and their availability over a broad spectral range
(from ultraviolet to near-infrared) which makes them appropriate
for the determination of a wide range of analytes. LEDs have thus
been implemented in a number of low-cost and portable analytical
devices [16-18]. Recent examples include low-cost optical detec-
tors for protein determination [19], the development of portable
colorimeters based on multiple LEDs for the determination of
interferents in blood serum [20] and concentrations of common
food dyes in food products [21]. Systems using LEDs as both light
sources and detectors have been constructed for the detection of
gases [22], as well as glucose in human serum [23].

Due to the advances made in both wireless sensing and
optosensing, wireless optical chemical sensors as hybrid devices
have evolved. For instance, LED-based sensors incorporating pH
sensitive dyes have been integrated with commercially available
transmitters to form a wireless chemical sensor network [24]. A
colourimetric assay comprising a pH sensing strip with a wireless
video camera on board a low-cost robotic fish has been developed
for environmental sensing applications [25]. There are also several
examples of RFID-based optical chemical sensors the first of which
was a planar optical detector for the determination of pH by
sensitive dye immobilised in a thin sol-gel film [26]. More recently,
Yazawa et al. at Hitachi Central Research Ltd have reported ultra-
miniature optical RFID circuits for use in genetic analysis [27].

In order to address the growing need for integration of diverse
chemical sensing techniques with RFID tag technology, we are
developing an RFID sensor platform that is compatible with
different types of (bio)chemical sensors - including optical, con-
ductometric, potentiometric and amperometric (Fig. 1). Appropri-
ate transduction mechanisms and interfaces for various sensor

types are being implemented directly on the tags. So far, an RFID
smart card for conductometric sensors [28], an RFID/NFC resistiv-
ity and temperature probe for monitoring the microenvironment
in aggregate materials [29] and an RFID chemical sensor for
measuring pH by optical absorption spectroscopy [26] have been
developed. More recently, the RFID potentiometric measurement
of pH was reported by us [30], and latterly a diverse range of
cations relevant to vanguard monitoring [31] of water quality with
solid-contact ion-selective electrodes were successfully measured
with our RFID potentiometer [32].

In the work presented here, we demonstrate the characterisa-
tion of an ultra low-power RFID wireless sensor tag with an LED/
photodiode-based photometric input.

The performance of the wireless photometer has been tested
through two different model analytical applications. The first is
photometry in solution, where colour intensity as a function of dye
concentration was measured. The second is an ion-selective
optode system in which potassium ion concentrations were deter-
mined by using bulk optode membranes.

2. Materials and methods
2.1. Experimental set-up for smart tag based photometry

The experimental set-up is shown in Fig. 2. The measuring
system comprises the credit card sized radio-frequency smart tag,
the sample cuvette with LED and photodiode (optical cell), RFID
reader and a personal computer. The photometer is wirelessly
linked to the personal computer through a commercial RFID
reader (Ridel 5001, TAGnology GmbH, Graz, Austria) which ener-
gises and communicates with the photometer over a range of up to
10 cm.

2.1.1. Radio-frequency smart tag

The radio-frequency smart tag used here has been described in
detail elsewhere [26]. In brief, the credit card-sized tag (Fig. 2)
was developed around a commercial microcontroller (PIC12F683,
Microchip Technology Inc., Chandler, AZ, USA) based on the
[SO15693 RFID standard. Code for the microprocessor was written,
developed and programmed into device's flash memory using an
integrated development environment and device programmer
(MPLAB v8.0 with PICStart plus, Microchip Technology Inc.,
Chandler, AZ, USA). The circuitry was designed using a schematic
capture design and printed circuit board layout suite (EASY-PC
Professional v11.0, Number One Systems Ltd., Gloucester, UK).
Printed circuit boards were fabricated from standard FR4 materials
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Fig. 2. Schematic illustration of the wireless photometer in the experimental setup. Objects in the figure are not to scale.

(RAK Printed Circuits Ltd., Saffron Walden, UK). The microcontrol-
ler is interfaced to the optoelectronic components (LEDs and
photodiode) to allow full programmable control of the photometer
interface via the embedded software.

2.1.2. Optical cell configuration

The optical cell detection system consists of red and green
surface mount LEDs (HSMx-C150, Avago Technologies Ltd., San
Jose, CA, USA) assembled facing a surface mount photodiode
(BPW34S, Osram Opto Semiconductors GmbH, Regensburg, Ger-
many). The LEDs were chosen based on the spectral characterisa-
tion of the dye which was performed with a laboratory UV-vis
spectrophotometer (DMS 80, Varian Inc., Palo Alto, CA, USA). The
optoelectronic components are positioned on opposite sides of a
cell holder made from a black ABS potting box (RS Components
Ltd., Corby, UK) and are interfaced to the radio-frequency tag.
The cell holder is designed to accept a standard laboratory cuvette
and therefore has internal dimensions of approximately 1.3 cm x
1.3cm x 5cm.

2.1.3. Absorption measurements with the smart tag photometer

All measurements were performed in the following way: A
cuvette filled with a measuring solution was placed and closed
within the cell holder of the optical cell of the photometer. The
RFID tag embedded software first turns on the red LED for 5 ms
and simultaneously measures the light intensity signal from the
photodiode amplifier generated by the light transmitted through
the optical cell. Absorbance was calculated as A=log (Io/I) where I
is the photodiode amplifier signal measured without a sample (as
a reference) and [ is the signal measured in the sample solution.
The second LED (green) was not used in this series of experiments,
but is available if needed, e.g. to provide a reference signal at an
isobestic wavelength as we have previously demonstrated [26].

Finally, the photometer goes into a very low-power standby mode
for approximately 5 s in order to scavenge energy from the RF field
before autonomously starting another measurement cycle. Inde-
pendent absorption measurements were also performed with
the laboratory spectrophotometer which was used as a reference
system.

2.2. Methods

2.2.1. Photometry in solution

Solutions of different concentrations of lipophilised Nile Blue
derivative dye, also known as ETH 5294, (10~° M to 10~> M, with
0.25 x 10~° M increments) were prepared by weighing 3-octadeca-
noylimino-7-(diethylamino)-1,2-benzophenoxazin (Sigma-Aldrich, St.
Louis, MO, USA), referred to as NB in the following text, dissolving it in
ethanol (Carlo Erba Reagenti, Arese, Italy) and subsequently diluting
the stock solution with ethanol to obtain the desired concentration.
0.01 M HCI solution was prepared from concentrated HCI (Carlo Erba
Reagenti, Arese, Italy) and was added to each dye solution in a 1%
volume fraction to ensure complete protonation of NB and absorption
at 660 nm. These solutions were used for calibration of the smart tag
photometer.

2.2.2. Potassium-selective optode measurements

The following chemicals were used for the preparation of
potassium-sensing thin films: high-molecular-weight poly (vinyl
chloride) (PVC), dibutyl sebacate (DBS), tetrahydrofuran (THF),
valinomycin, NB, and Potassium tetrakis(4-chlorophenyl)borate
(PTCB), all used as supplied (Sigma-Aldrich, St. Louis, MO, USA).
The films were prepared according to [33], with minor modifica-
tions. Chemical cocktail mixtures were made by dissolving 67 mg
of PVC, 140 mg of DBS, 4.4 mg of valinomycin, 2.3 mg of NB and
2.2 mg of PTCB in 1.5 mL of THF. The cocktails were homogenised
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for 15 min in an ultrasonic bath (Transsonic T 460/H, Elma Hans
Schmidbauer GmbH & Co. KG, Singen, Germany) and left over-
night. Thin films were made by spin-coating 0.1 mL of the cocktail
onto 2.5cm x 2.5 cm polyester sheets using a commercial spin-
coater (KW-4 A spin coater, Chemat Technology Inc., Northridge,
CA, USA) at 1200 rpm for 40 s after which they were stored in the
dark for at least 24 h. The films were then cut into 2.5cm x
0.8 cm strips in order to be used in all of the following experi-
ments.

Calibration solutions and procedures for measurements with
the potassium optodes were prepared in the following way:
0.067 M phosphate buffer solution (pH 7.40) was prepared from
sodium dihydrogen phosphate and disodium hydrogen phosphate
(Kemika d.d., Zagreb, Croatia). 0.1 M potassium chloride (KCI)
solution was prepared by weighing dry KCl (Kemika d.d., Zagreb,
Croatia) and dissolving it in the buffer. A set of calibration
solutions (down to 10~ M) were prepared by dilution of the
0.1 M KCl stock solution with the buffer. Use of buffer was
prerequisite due to the known cross-sensitivity of these potassium
optodes to pH. Calibration solutions were used with the
potassium-sensitive test strips to construct a calibration curve
for the ion-selective optode measurements. The measurement
procedure was as follows: a potassium-sensitive test strip was
placed into a cuvette containing 0.01 M HCI solution and allowed
to equilibrate for 10 min, after which the photodiode signal was
recorded. This signal was used to calculate Ayc. After this, the strip
was placed in a cuvette containing a buffered KCl solution and the
photodiode signal was recorded after 3 min of equilibration and
used to calculate A.

3. Results
3.1. RFID sensor platform and smart tag photometer operation

The general structure of the RFID chemical sensor platform
developed is shown in Fig. 1. Each tag has an ISO15693 RFID
processor and antenna, together with a sensor interface. The
sensor interface is configurable depending on the sensor type,
and can interface to optical, amperometric, potentiometric, con-
ductometric and resistive bridge-type sensors. The chemical
sensor element (LED/photodiode, pH electrode, ion-selective elec-
trode, thin-film conductometric electrode, enzyme electrode, etc.)
can be integrated on the tag as we have previously demonstrated
[26], or may be an external sensing element [30,32]. In the work
reported here, the sensor element comprises a photometric cell
with LED light source and silicon photodiode detector, Fig. 2. Our
approach to the fusion of chemical sensors with RFID technology is
based around use of a digital RFID core with configurable analogue
sensor inputs. The reconfigurable analogue inputs for different
types of chemical sensors allow building of autonomous (bio)
chemical sensors with integrated wireless capability at low cost.
Ultimately, our objective is to evolve the platform so that it is
easily adapted for “plug and play” with many different types of
chemical sensor.

The optoelectronic interface for the photometer smart tag is
built around a standard spectrometer sample cuvette. The surface
mount LED and silicon photodiode are aligned on opposite faces of
the sample cuvette as shown, this configuration allowing absorp-
tion photometry measurements. The final system thus comprises
the credit card sized wireless photometer, the sample cuvette with
LED and photodiode, and a personal computer as shown in Fig. 2.
The photometer is wirelessly linked to the personal computer
through a commercial RFID reader which energises and commu-
nicates with the photometer over a range of up to 10 cm. The
photometer operates in passive mode - it is powered by scavenging

energy from the electromagnetic field generated by the RFID
reader and therefore does not require a battery or power source.

3.2. Choice of model experiments

The analytical performance of the wireless photometer was
subsequently evaluated through two applications of photometry,
serving as proof-of-concept experiments. The first was photome-
try in solution where the photometer was used for determination
of concentration of the derivative of Nile Blue dye (NB) in ethanol
solutions.

The second application demonstrated applicability of the wire-
less photometer in a typical chemical sensor arrangement, using
ion-selective optodes [34]. Here, the wireless photometer was
used to measure the concentration of potassium ions with valino-
mycin based plasticized PVC optodes containing NB dye as a
chromoionophore.

NB is a lipophilised derivative of a pH-sensitive dye, Nile Blue,
which in its protonated form has two absorption maxima at
660 nm and 615 nm respectively (shown in immobilised form in
Fig. 4, Section 3.4). Therefore, a red LED which has a peak
wavelength at 660 nm was chosen as the light source for these
experiments.

3.3. Wireless photometry in solution

The calibration plot for determination of NB in ethanol solu-
tions was obtained with the wireless photometer. Five indepen-
dent measurements of absorbance were conducted for each of five
different concentrations of NB. Each point on the graph represents
the mean value of five different measurements per concentration.
A linear regression of the data returns the following calibration
function: A=40196 x c(NB)/M - 0.016 (R°=0.996), proving good
agreement with the Lambert-Beer law. Table 1 shows the preci-
sion of the measurements, expressed as the standard deviation
and relative standard deviation of NB concentrations. Standard
deviations and relative standard deviations obtained with the
laboratory spectrophotometer are also shown for reference.

In order to validate the accuracy of the wireless photometer,
the concentrations of the NB solutions were independently deter-
mined with the laboratory spectrophotometer to provide refer-
ence values. The correlation plot showing concentration of NB
calculated from the calibration function of the wireless photo-
meter plotted against concentration of NB calculated from the
calibration function of the laboratory spectrophotometer for a total
of 25 different solutions is shown in Fig.3. A unity-slope linear fit
would be expected in the case of perfect correlation between the
two measurement systems. The actual linear fit of the data has a
slope of 1.003, with a very good linearity (R*=0.997).

3.4. Test strip based wireless optical sensing

The wireless photometer was then used with optical test strips
for the determination of potassium ion concentration. This is
based on bulk optode membranes where the extraction of the
analyte from the sample into the bulk of the membrane generates
a change in the optical properties of the sensing layer. The sensing
mechanism and specific behaviour of potassium ion-sensitive bulk
optode membranes incorporating valinomycin as an ionophore
and a lipophilised pH indicator as a chromoionophore is well
known [34,35]. Since the response of the optode is based on an
ion-exchange mechanism, H* and K* between the membrane
and the solution, all experiments were performed in buffers of
constant pH value (pH=7.40).

For this experiment, potassium-ion sensitive optodes were fabri-
cated and first characterised with the laboratory spectrophotometer.
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Table 1

Standard deviations and relative standard deviations of NB concentrations calcu-
lated from absorbance measurements with the wireless photometer and reference
spectrophotometer.

c(NB)/M St dev, wireless RSD, % St dev, RSD, %
photometer (n=5) spectrophotometer
(n=5)
1.0x107% 80x10°8 9.4 1.0x 1078 0.99
25 x107% 12x10°7 4.6 46x1078 1.9
50x107% 12x1077 23 1.6x10°8 0.32
75%x107% 82x10°8 11 41x108 0.55
1.0x107> 48x10°8 0.48 1.5x 1078 0.15
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Fig. 3. Correlation plot showing NB concentration obtained with the wireless
photometer plotted against concentration obtained with a laboratory spectro-
photometer considered a reference procedure.

The typical spectral response of an optode to varying concentration
of potassium ion is shown in Fig. 4. On exposure to potassium ion
solutions, the optode film changes colour from blue (absorption
maxima at 615 nm and 660 nm) to purple (absorption maximum at
540 nm). The absorbance measured at 660 nm can be related to the
concentration of potassium ion in solution, and it has previously
been shown that the ratio between absorbance of the thin film in
potassium ion solution and absorbance in a 0.01 M HCI reference
solution A/Apc can serve as an analytical parameter for obtaining a
calibration curve [36].

The response time, expressed as the time it takes for the sensor
to reach 95% of its response upon immersion of the fully proto-
nated test strips in a 10~* M KCl (pH 7.40) in phosphate buffer
solution, was determined to be 104 s. The dynamic response is
shown in Fig. 4 (inset).

The calibration curve for this system obtained with the wireless
photometer is shown in Fig. 5. The relationship between the
analytical parameter, A/Ayc, and the logarithm of potassium
concentration is sigmoidal, so data points were fitted to a
Boltzmann function. The curve shows excellent adjustment
(R>=0.99956).

Fig. 6 shows the correlation plot for K* concentration deter-
mined with the wireless photometer against K™ concentration
determined with the laboratory spectrophotometer. K* concen-
trations were calculated from absorbance data using each instru-
ments' respective Boltzmann calibration function. The linear fit of
the correlated concentrations is y=0.971x—0.135 (R2=0.977).

4. Discussion

Overall, good correlation between the performance of the wireless
photometer and the reference laboratory UV-vis spectrophotometer

0.3 0.01 M HCI
0.25

< 0.2
0.25 - 0.15

100 uM KCI

600 900

400 500 600 700 800

Alnm

Fig. 4. Absorption spectra of potassium-sensing thin films in different concentra-
tions of KCl recorded with a laboratory spectrophotometer. KCl concentrations
range from 1075 M to 10~ ' M. The inset shows absorbance at 660 nm over time,
upon immersion of a fully protonated test strip into a 10~ M KCl (pH 7.40) in
phosphate buffer solution.

0.8 - ;
Adj. R°= 0.996
= 06 -
O
<
I
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-6 -4 2 0
log(e(K+)/M)

Fig. 5. Response of potassium-sensing thin films to different KCl concentrations
recorded with the wireless photometer. Boltzmann function fit can be used as
calibration function. Error bars represent standard deviation of the results.

was observed, both for photometry in solutions as well as with
potassium-ion sensing thin films. When measuring in solutions, the
photometer showed excellent linearity over the concentration range
tested (1.0 x 107 to 1.0 x 10~° of NB), showing good agreement
with the Lambert-Beer law. Precision of the wireless photometer,
expressed as standard deviation of NB concentration, was less than
1.2 x 10~7 M compared to less than 4.6 x 10~ M obtained with the
reference laboratory spectrophotometer. These are very acceptable
results considering the relative size, weight, portability and cost of
the two instruments. Potassium-sensitive thin films have been used
here as a proof-of-principle model optode system, but clearly optical
absorbance or reflectance measurements could be performed with
various other colourimetric assays in solution or immobilised form.
This approach is especially attractive for the quantitative analysis of
ultra low-cost optical point-of-care diagnostic tests. Examples
of which include paper-based microfluidic devices as recently
critically reviewed by Yetisen et al. [37]. Other recent examples of
low-cost mobile analytical systems include the optical determination
of protein and glucose in urine using camera phones [38], and a
hand-held optical colorimeter for measuring transmittance through
paper for quantifying the concentration of analytes in biological
fluids [39]. Rearrangement of the optical components of the wireless
smart tag into a planar configuration allows the photometer to work
in a reflectance mode [40].
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Fig. 6. Correlation plot for K concentration determined with the wireless
photometer against K* concentration determined with the laboratory spectro-
photometer. A unity slope straight line is shown for reference.

The wireless smart tag photometer may also be compatible
with a number of new and emerging sensor application areas,
especially wearable and textile-based optical chemical sensors
(e.g. for sweat analysis in physiological and sports fitness monitor-
ing) [41-43], smart food packaging [44,45] and smart laboratory
containers [46]. An interesting example of this type of system is a
wearable monitoring system realised using low-cost light-emit-
ting diodes (LEDs) and an autonomous wearable micro-fluidic
platform to monitor pH of sweat [47]. Another potential applica-
tion area for the smart tag is optical sensing in disposable
microfluidic and lab-on-a-chip systems [48]. Further miniaturisa-
tion of the photometer could, for example, allow its functional
integration into wirelessly powered microfluidic lab-on-a-chip
systems [49].

These results have proven the feasibility of the wireless photo-
meter and justify its further development, which is currently
underway in our laboratory. The main short-coming of the present
system encountered during the course of this work is the input
power requirement of the LED light source. We endeavour to
minimise this through the use of low-power LEDs and by imple-
menting a constant current pulse-width modulated drive strategy.
Still, the LED requires a relatively large amount of power (relative to
the rest of the tag) which impacts on the wireless power/read range
of the tag, reducing the reliable read range from 50 cm to about
10 cm when energised with the RFID reader. A new mobile photo-
meter, based on the next generation RFID tag, is being developed
that will have several improvements over the one presented here.
The new photometer tag will be compatible with the near field
communication (NFCv) standard as well as RFID. NFC is a wireless
communication technology which is currently being implemented
in a large number of Smartphones [50]. This means that with
appropriate application software, a Smartphone could be used to
collect data from the wireless photometer, thereby eliminating the
need for a conventional RFID reader or computer — making it a truly
mobile analytical platform. The new photometer will also include
an on-board battery to assist in powering the LED light source, and
1 Mbit data memory. These improvements will enable autonomous
measurement and data logging (up to 64,000 samples) of chemical
absorption data without the need for a nearby RFID reader and
without the need for operator intervention.

5. Conclusion

This paper presents a novel miniaturised and portable, low-
cost, low-power wireless photometer designed around the passive

RFID smart tag format. The analytical performance of the wireless
photometer has been demonstrated via a set of optical absorption-
based analytical experiments, with excellent data agreement with
a reference laboratory instrument. The photometer operates with-
out a battery or power source since it scavenges energy from the
RF electromagnetic field of the RFID reader. The photometer has
potential application in photometric systems where a change in
colour intensity is to be measured. By changing the optoelectronic
components of the optical cell to match the desired sensing
chemistry, a diverse range of colour-change sensor chemistries
could be implemented. With a wide variety of potential analytes,
and the ability to modify the specific chemistry and optical
measurement strategy, numerous mobile, wearable and vanguard
applications for this type of sensor can be envisaged - from fresh
water quality monitoring, to real-time sweat analysis. With the
advent of the Internet of Things on the horizon, devices such as
this photometer, that combine low-cost chemical sensing with
wireless communications, will provide analytical platforms for
enhanced ambient intelligence. The smart tag presented in this
work is fully compatible with such application predictions.
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