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Nanotechnology 
Enables Wireless 

Gas Sensing

G
as sensing is a very important part of everyday life, encompassing applications 
from engine performance monitoring to chemical plant safety, from climate 
monitoring to food and health-care applications. In current gas sensing tech-
nologies, most gas sensor devices are wired and locally or require some form 
of integration with a wireless/front-end module that commonly leads to non-

portable, increased-cost sensors with limited deployment. 
One of the most important applications of such gas sensors involves the ability to monitor 

the leakage of nitrogen-based gases such as ammonia (NH3) and nitrogen dioxide (NO2) in 
the air because these chemicals adversely affect human and environmental health [5]. NH3 is 
primarily a concern in areas of high agricultural activity because it is a natural waste prod-
uct of livestock whereas it can also be a product of industrial sources, including the manu-
facturing of basic chemicals, metals, and textile products as well as automotive emissions. 
High levels of NH3 can result in irritation to the eyes and respiratory tracts of humans and 
can negatively impact wildlife, livestock, and agricultural health. NO2 is also a potentially 
toxic gas that can lead to respiratory symptoms in humans and detrimentally influence the 
growth of agriculture. Furthermore, high atmospheric concentrations of either gas can lead 
to the creation of ground-level smog and acid rain. 

There is a tremendous need for real-time, reliable, energy-efficient, and continuous remote 
gas sensing that would potentially allow for accurate long-term monitoring, enhancing the 
quality of life. Plus, it has to be stressed that such solutions should be extremely low-cost 
and scalable to large quantities to enable their straightforward implementation in distributed 
sensing networks. In this regard, radio frequency (RF) and wireless sensors could be very 
effective solutions, especially in light of the latest advances in nanotechnology.

An example of a wireless sensor topology at the system level is shown in Figure 1. Although 
most wireless sensor nodes involve the integration of the sensor circuit with a separate wireless 
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module, it would be highly preferable for miniaturiza-
tion and power-consumption reasons for the sensor 
itself to be simultaneously a wireless communicating 
component. That is, it should be able to provide a clear 
indication of the sensed gas concentration directly in 
the form of some transmitted or back-scattered wireless 
signal parameter. Such parameters include the shift of 
the resonant frequency or the modification of the gain 
(amount of radiated power) of a sensor-loaded/enabled 
radiating structure. This would eliminate the need for 
additional processing circuits and mixed-signal inter-
faces as well as the need for an external antenna solely 
serving the purpose of wireless data transmission. The 
passive implementation of these sensors through the 
use of power backscattering mechanisms (illumina-
tion from a reader and  gas-sensitive power reflection 

from the sensor) would be a further step for signifi-
cantly reduced power consumption, and thus a lower 
cost per unit would be provided. 

At the component level, typical wireless/RF gas 
sensors similar to the schematic shown in Figure 2 can 
be implemented. The sensing component, also known 
as a “transducer,” transforms the change in gas con-
centration into the change of an electrical param-
eter, such as the change of resistance of the sensing 
structure. This resistance change is subsequently 
converted to a change in voltage using operational 
amplifier signal conditioning circuits connected to 
the microcontroller unit. The signal is then sent to an 
integrated wireless module/RF front end, such as the 
Bluetooth module in [14], which utilizes an antenna 
to communicate with a remote station such as a note-
book PC. As is clear from this schematic, the most 
power-hungry components involve the RF module, 
the microcontroller (yC), and the amplifier. Ways of 
eliminating some or even all of these parts without 
compromising the accuracy and range performance 
of the sensor would tremendously reduce the power 
requirements, minimizing battery needs, and allow 
for truly low-cost implementation.

Most conventional wireless passive sensors suffer 
from reduced—and many times poor—sensitivity, but 
recent developments in nanotechnology have opened 
up new perspectives in this area. Due to their unique 
properties, carbon nanotubes (CNTs) have been largely 
considered one of the most promising materials for 
next-generation ultrasensitive gas sensors. Since their 
discovery about 20 years ago, CNTs have been a sub-
ject of intense investigation and have proven useful 
in a broad range of applications, especially after the 
discovery of multiwalled CNTs (MWNTs), which were 
initially tagged as “helical microtubes of graphitic car-
bon” by Iijima in 1991 [1]. Although the use of CNTs 
in practical applications was limited up to 2005 due 
to issues with fabrication and repeatability, lately they 
have been used in many domains, ranging from gas 
sensing and shielding to nanotube-based  antennas 
and RF interconnects [2]–[13]. It has to be stressed 

that CNT mixtures/compos-
ites have been found to have 
electrical properties highly 
sensitive to extremely small 
quantities of gases, such as 
NH3, carbon dioxide (CO2), 
nitrogen oxide (NOx), etc., at 
room temperatures. CNTs 
have a very fast response time 
[2], which is a key feature for 
sensitive gas sensors.

Specifically, CNTs feature 
characteristics that outper-
form conventional sensors, 
including great adsorptive 
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Figure 1. System-level wireless sensor topology.

Due to their unique properties, 
carbon nanotubes have been largely 
considered one of the most promising 
materials for next-generation 
ultrasensitive gas sensors.
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capacity, due to large surface-area-to-volume ratio, 
high sensitivity and quick response time resulting in 
significant changes in electrical properties, such as 
capacitance or resistance. These features allow mate-
rial engineering by use of different volume composi-
tion ratios (materials with different volume ratios of 
their composing elements are mixed into a given vol-
ume resulting in novel composite materials) [4], and 
miniaturization. While many types of sensors that 
utilize the unique properties of CNTs have been pro-
posed, most of them are based on direct contact, where 
the monitoring station and sensing unit are wired or 
can be wireless enabled through their integration 
with a wireless module. The difference between a 
wireless-enabled sensor and a wireless transducer of 
a physical parameter is that the former needs a sepa-
rate RF module with a communication antenna [15], 
whereas the latter just utilizes the change of one or 
more microwave/electrical parameters, such as fre-
quency shift, to directly indicate the change of one 
physical parameter of the environment such as pres-
sure, temperature or gas concentration [3], [16]–[18]. 
These transducers are passive components, require 
much simpler processing circuitry, and they need only 
passive antenna/radiating structures for communica-
tion with the exciting reader. In essence, transducers 
are zero-power implementations since the power they 
need to activate the sensor is provided by a remote 
illuminating device. 

Despite extensive research in the CNT domain, 
there has been very limited development of CNT-
based wireless transducers [2]–[3], especially in 
commercial wireless frequency bands due to lack of 
accurate characterization, effective yield and inte-
grability issues. Although there have been numerous 
experiments performed on CNT materials, the vast 
majority of them have taken place at low frequencies 
or in the optical frequency range. At microwave fre-
quencies, initial efforts include the work of Chopra 
et al. [3], who demonstrated a disk resonator-based 
NH3 sensor that enables remote sensing. In this appli-
cation, the resonator is coated with CNT composites. 
The operation is based on the change of the effective 
relative permittivity of the resonator, which results in 
a resonant frequency shift of 1–4 MHz when exposed 
to different gases, including gases such as NH3, CO2, 
and CO at several hundred parts per billion (ppb) to 
several parts per million (ppm) for a center resonant 
frequency of 3.889 GHz. Other pioneering efforts in 
the millimeter frequency range include the work of 
Dragoman, et al. [19], [20], demonstrating a gas sensor 
based on a coplanar waveguide (CPW) that measured 
gas concentration by observing the change in magni-
tude and phase of the transmission coefficient S21 for 
various gas concentrations. 

In this article, we will review various wireless gas 
sensors operating at microwave frequencies ranging 

from UHF (500 MHz–1 GHz) to millimeter-wave (20 
GHz and above) that demonstrate the unique sensing 
properties of CNTs over a very broad wireless/RF fre-
quency range. Lower frequencies are commonly used 
in low-cost RFID-related technologies, while sensors 
in the millimeter-wave range have the advantage of 
small size and reduced interference. A specific applica-
tion of millimeter-wave sensors is for monitoring stor-
age conditions of medicine in hospitals, where there 
exists significant stray radiation from medical equip-
ment in the low end of microwave range. 

Properties and Gas Sensing 
Mechanisms of Carbon Nanotubes
CNTs are graphene sheets that are rolled up in dif-
ferent directions to form an armchair [Figure 3(a)] 
or zigzag chirality [Figre 3(b)]. In chemistry, chiral-
ity refers to a type of molecule that has a nonsuper-
imposable mirror image. That is, if two molecules 
are mirror images of one another but they cannot be 
superimposed, then they are said to have two differ-
ent chiralities. Similarly, different forms of CNTs are 
classified based on their chirality. They can be single-
walled nanotubes (SWNTs) if the tubes consist of one 
layer of rolled up graphene, or MWNTs if the tubes 
have  multiple layers of rolled up graphene cylindrical 
to each other. SWNTs can be either semiconducting or 
metallic depending on the tube diameter and chirality 
[22], [23], while MWNTs have only metallic electronic 
properties. Both SWNTs and MWNTs feature bal-
listic electron transport with no scattering over long 
distances, thus CNTs can carry high currents with 

(a)

(b)

Figure 3. Illustration of carbon nanotube with (a) armchair 
chirality and (b) zigzag chirality.

Both SWNTs and MWNTs feature 
ballistic electron transport with no 
scattering over long distances, thus 
CNTs can carry high currents with 
negligible heating.
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 negligible heating [24]. Their lengths range from 1 nm 
to several hundreds of microns, and, recently, they 
have been grown to even longer lengths. The proper-
ties of CNTs strongly depend on the tube diameter, 
chirality, and doping. For instance, armchair SWNTs 
are metallic, while zigzag SWNTs can be either metal-
lic or semiconductive. 

One of the most distinctive features of the CNTs is 
their exceptional sensitivity towards extremely small 
quantities of gases, such as NH3 and NO2. The elec-
trical properties of CNTs are extremely sensitive to 
charge transfer and chemical doping by various mol-
ecules. When electron-withdrawing molecules (e.g., 
NO2) or electron-donating molecules (e.g., NH3) are 
adsorbed by the semiconducting CNTs, they change 
the density of the main charge carriers of the nano-
tube, which effectively modifies the conductivity of 
the CNT. This behavior forms the basis for applica-
tions of CNTs as electrical chemical gas sensors [4]. 
Detailed studies of gas absorption on CNTs have been 
carried out, usually by approximate calculations using 
density functional theory [25]–[29].

RF Principles Utilized in Gas 
Sensing based on Carbon Nanotubes
Due to the change in electrical properties of CNTs in 
bundles or in bulk when exposed to different gases, 
various detection methods have been employed in 
CNT applications for gas sensing. There exist numer-
ous gas sensors based on individual CNTs, bundles 
or aligned arrays of CNTs, such as solid-state or 
surface acoustic wave (SAW) sensors [10]–[16] at dc 
or low-frequency operation. However, this type of 

 sensor suffers from higher cost and low repeatability, 
and, usually, a battery is required, leading to mostly 
active implementations. On the other hand, the devel-
opment of CNT sensors operating at microwave fre-
quencies, could facilitate the detection of gases since 
RF parameters, such as scattering parameters and 
impedance, can be directly monitored based on the 
gas-sensitive radiation/scattering behavior of CNT 
materials. In the following, we will consider three 
different gas sensing methods for microwave appli-
cations, all of which rely on self-radiating structures, 
which allow for simple implementation and passive 
wireless interrogation.

Resonant Frequency 
Shift Based on a Disk Resonator
Chopra et al. applied SWNTs in powder form on top 
of a microstrip disk as a thin layer and showed that 
the resonant frequency of the disk was shifted upon 
exposure to different gases [3]. The sensor consisted 
of a circular resonator disk excited by a gap feed 
microstrip line (Figure 4) and was exposed to gases 
such as NH3, carbon monoxide (CO), N2, helium 
(He), O2, and argon (Ar), which altered the dielectric 
constant of the SWNT coating, thus causing the shift 
in resonant frequency of the disk. The operation fre-
quencies were around 3 GHz. This system can also 
be implemented passively, where the coated disk can 
be interrogated by considering the properties of the 
reflected signals. 

Scattering Parameter 
Shift of a Coplanar Waveguide
The sensor consists of a CPW and a cavity etched 
within the substrate of the CPW. A double-wall CNT 
(DWCNT) mixture was introduced into this cavity as 
shown in Figure 5 [19], [37]. The CNT-cavity-backed 
CPW operated at the range of 1–110 GHz. The mea-
surements were performed with CNTs before and 
after 15 h of exposure to nitrogen gas at the low pres-
sure of 5 bar. A large phase shift of the transmission 
coefficient (S21) across the operation frequencies was 
observed after the gas exposure (Figure 6) due to the 
significant change of the permittivity of the DWNTs 
that directly modifies the effective permittivity of 
the CPW transmission line.

Gold
Si s.i.
DWCNT Mixture
Membrane

Gas

Figure 5. Carbon nanotube gas sensor based on carbon 
nanotube, cavity-backed coplanar waveguide [37].
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Figure 4. Disk resonator carbon nanotube-based sensor (a) 
front view and (b) top view. [3].

One of the most distinctive features 
of the CNTs is their exceptional 
sensitivity towards extremely 
small quantities of gases, such 
as NH3 and NO2.
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Wireless CNT-Based Gas Sensor 
Based on Surface Plasmon Resonance 
The combination of CNTs with surface plasmon 
resonance (SPR) techniques can be used to real-
ize ultrasensitive wireless sensors that can operate 
in microwave frequencies. Numerous sensors and 
biosensors have been developed based on optical 
methods, such as guided modes in optical wave-
guiding structures (e.g., grating couplers, resonant 
mirrors) or SPR [38]–[42]. The SPR technique is 
an optical method for modifying/measuring the 
refractive index of very thin layers of materials in 
contact with metals that exhibit large negative real 
and small positive imaginary dielectric functions 
[43]–[44]. The utilization of SPR with these materi-
als could enable a very efficient passive, wireless 
capability for CNT-based gas transducers, linking 
optics/waveguiding and nanotechnology. 

In principle, SPR is a charge-density oscillation 
that may be excited by incoming electromagnetic 
waves. The term “plasma” comes from the oscilla-
tions of mobile electrons. It exists on the surface 
of two media with dielectric constants of oppo-
site signs, such as a metal and a dielectric. SPR 
occurs under the conditions of total internal reflec-
tion with p-polarized light [transverse magnetic 
(TM) polarized waves], in which light polariza-
tion has a direction parallel to the plane of inci-
dence. Total internal reflection occurs when a light 
beam passing through a higher refractive index 
medium impinges on an interface at a medium 
of lower refractive index at an angle larger than 
the so-called critical angle; in this case, the light 
is totally reflected at the interface. The resonance 
that occurs when the wave vector of the incident 
light matches the wavelength of the plasma waves 
is called “SPR.” Incident space waves at radio fre-
quencies can induce surface plasmon waves propa-
gating along the material interface through the use 
of gratings [45]–[47]. 

Since surface plasmon waves strongly depend 
on the interface conditions, their resonance condi-
tion is highly sensitive to variations in the  electrical 

 properties of the dielectric adjacent to the metal 
layer that supports the surface plasmon waves. This 
approach allows for a passive structure to func-
tion as a transducer that can be easily monitored 
remotely just by monitoring the gas-induced shift of 
the SPR frequency. 

As an example of the coupling of SPR and CNTs, 
we describe the utilization of CNT mixtures/com-
posites as the dielectric thin-film on an aluminum 
plate to realize a highly sensitive gas sensor. This 
sensor’s operating principle is based on the excita-
tion of surface plasmons whose resonant frequencies 
are determined by the air/aluminum/CNT dielec-
tric interface. 

The sensor structures are shown in Figures 7 and 
8. The dielectric constant values of the CNT thin film 
are 4.30 and 2.85 at 10 GHz and 60 GHz, respectively 
[21]. Note that these values were estimated to dem-
onstrate the SPR concept at microwave frequencies 
through simulations. The objective of this design 
is to observe the effect of the small gas-induced 
changes in the dielectric constant of the CNT film 
on the surface (lossless dielectric) upon the SPR 
observed in a rectangular grating. Without loss of 
generality, the CNT dielectric film is set to be loss-
less, and a change of 12% is applied to the dielectric 
constant in order to model the reacted sample in the 
setup shown in Figure 7.

The investigation of SPR on the structure is stud-
ied for three cases: aluminum plate covered by 
dielectric layer with no grating in the absence of 
gas, aluminum plate covered by dielectric layer with 
grating before contact with gas, and aluminum plate 
covered by dielectric layer with grating after contact 
with gas. The results in Figure 9 [21] for the dielectric 
layer with a grating show a sharp peak of enhance-
ment around 22 GHz in comparison to the dielectric 
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Figure 6. Phase shift of S21 of the carbon nanotube-cavity-
backed coplanar waveguide before (black line) and after 
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Figure 7. Carbon nanotube (lossless dielectric) sensing 
topology utilizing surface plasmon resonance principles [21].

In principle, SPR is a charge-density 
oscillation that may be excited by 
incoming electromagnetic waves.
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layer without a grating (case a in Figure 9) and the 
dielectric layer with a grating before contact with 
gas (case b in Figure 9). Before exposure to gas, the 
enhanced peak is at 22.6 GHz with a magnitude of 
0.218. After exposure to gas, the CNT-based dielec-
tric layer experiences a chemical response to the 
gas that results in a change in its dielectric proper-
ties. This causes the peak to shift to 22.2 GHz with 
a magnitude of 0.208. The frequency shift is about 
400 MHz. This result successfully demonstrates the 
proof-of-concept of the use of SPR for CNT-based gas 

sensing with an extremely small change (2%) in the 
dielectric constant of the sensing material. It should 
be noted that the SPR concept has only been demon-
strated with simulations and is given in this review 
as one of the potential future CNT-based sensitive 
gas sensing configurations. 

A Success Story: Ink-Jet Printed CNTs 
in the UHF Range for RFID-Based 
Ammonia Sensing
Over the past few years, there has been an increasing 
focus on cognitive intelligence wireless applications 
that aim to couple ambient sensing, identification, 
communication, and location functions. One of the 
manifestations of this trend is the development of 
wearable electronics, which enable people to effec-
tively wear their personal wireless body-area network 
(WBAN) that provides medical, lifestyle, assisted liv-
ing, mobile computing, and tracking functions for the 
user. Sensing and identification are the key functions 
of such applications [49]. RF identification (RFID) tech-
nologies have provided solutions to such demands. 
However, integrating conventional sensors on typical 
RFID [48] organic/paper/plastic flexible substrates 
utilizing low-cost fabrication processes has been 
tedious and very limited. Two major challenges for 
such applications are the choice of the materials and 
advanced module-level integration capabilities. Previ-
ous research has demonstrated the successful develop-
ment of fully inkjet-printed RFID modules on paper 
[50]–[51]. Still, most of these efforts lack a discussion 
of the challenges involved in the integration of practi-
cal sensors on these low-cost substrate RFID tags. 

From the power consumption aspect, RFID-
enabled sensors can be divided into two categories: 
active and passive. Active RFID-enabled sensor tags 
use batteries to power their communication circuitry 
and benefit from a relatively long wireless range. 
However, the need for an external battery limits their 
applications only to cases where battery replacement 
is easy and affordable. Abad et al. has shown various 
ways to integrate a gas sensor with RFIDs [15], how-
ever this approach leads to large-size modules that 
need to integrate separately the transducer and the 
antenna. Typical gas sensors utilize materials such 
as tungsten and zirconium oxides and function on 
the basis of chemical reactions with the detected gas, 
which seriously limits their reusability as well as their 
cost efficiency. Therefore, there has been a growing 
interest in looking for new materials in RFID sens-
ing applications: ultra-sensitive composites which 
can be printed directly on the same paper together 
with the antenna, for a low-cost, flexible, highly inte-
grated RFID-enabled sensing module, requirements 
the majority of which can be covered by CNTs in a 
very cost-effective way. Realizing a “multitasking” 
(sensing/communication) CNT-loaded antenna could 
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Over the past few years, there has 
been an increasing focus on cognitive 
intelligence wireless applications 
that aim to couple ambient sensing, 
identification, communication, and 
location functions.
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be critical for the realization of practical reduced-size 
wireless transducers.

Recently, CNT composites have been found to 
be compatible with inkjet printing [52]. As a direct-
write technology, inkjet printing transfers the pattern 
directly to the substrate. Due to its capability of jetting 
one single ink droplet in an amount as low as 1 pl, it 
has widely drawn the attention of the industrial world 
as a more accurate and economic fabrication method 
than the traditional lithography method. However, 
due to the insufficient molecular network formation 
among the inkjet-printed CNT particles at nanoscale, 
instabilities have been observed in both the resistance 
and, especially, the reactance dependence on frequency 
above several MHz. This limits the CNT applications to 
dc or the low-frequency bands [53]. To enable the CNT-
enabled sensor to be integrated with an RFID antenna 
at UHF band, a special recipe had to be developed.

Fabrication of Ink-Jet 
Printed Carbon Nanotubes
To take advantage of the unique gas sensing capa-
bilities of CNTs and integrate them with common 

inkjet-printed conductive RF passives (for example, 
antennas), the realization of CNT-based inks is of 
paramount importance. The SWNTs utilized in a 
representative sensor module, as discussed in the 
following, were synthesized from the commonly 
used electric arc discharge method and are referred 
to as “AP-SWNTs” [54]. The ratio of semiconducting 
to metallic SWNTs produced through this method 
is 2:1. For the preparation of the CNT-based inks, 
a P3-SWNT type was selected, which is a type of 
SWNT that has highly dispersible properties in 
water and other solvents. It was prepared with 
water for the realization of CNT inks reaching con-
centrations up to 0.4 mg/ml A high concentration 
of CNTs in the ink enables successful and durable 
nanoparticle network formation after printing; oth-
erwise the structure would suffer from an unstable 
impedance response versus frequency of the SWNT 
film, such as a sharp drop of the resistance value 
above 10 MHz. Silver electrodes were patterned 
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There has been a growing interest 
in looking for new materials in RFID 
sensing applications.
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awith conductive ink before depositing the SWNT 
film. Each printed electrode was 2 3 10 mm, sepa-
rated by a gap of 0.8 mm. Then, the 3 3 2 mm SWNT 
film was deposited. The 0.6 mm overlapping zone is 
to ensure the good contact between the SWNT film 
and the electrodes. Four devices with ten, 15, 20, and 
25 SWNT layers were fabricated to investigate the 
electrical properties of the film. Figure 10 shows the 
fabricated samples.

Characterization of Ink-Jet 
Printed Carbon Nanotubes
The electrical resistance of the SWNT film was mea-
sured by probing the end tips of the two electrodes. 
The dc results are shown in Figure 11. The resis-
tance goes down when the number of SWNT layers 
increases. Since a high number of SWNT overwrit-
ten layers will also help the nanoparticle network 
formation, the 25-layer film is expected to have the 
most stable impedance-frequency response and was 
selected for the gas measurement. In the experi-
ment, 4% consistency NH3, which is widely used in 
chemical plants, was guided into a 46 cm tube-shape 
 gas-flow chamber connected to an exhaust hood. 
The test setup is shown in Figure 12. The SWNT film 
exhibits a fast monotonic impedance response curve 
to the gas flow. 

A vector network analyzer was used to character-
ize the SWNT film’s electrical performance in the UHF 
band before and after the gas flow. An RF probe, which 
is a ground-signal probe, was placed on the silver elec-
trodes for the impedance measurements. The calibra-
tion method used was short-open-load-thru (SOLT) 
with standard coaxial calibration kit. In Figure 13, the 
gas sensor formed from the SWNT composite having 
25 layers shows a very stable impedance response up 
to 1 GHz, which verifies the effectiveness of the SWNT 
solvent recipe. At 868 MHz, the sensor exhibits a resis-
tance of 51.6 V and a reactance of 2j6.1 V in air. After 
NH3 was added to the measurement  environment, the 
resistance was increased to 97.1 V, and the reactance 
was shifted to 2j18.8 V.

Inkjet-Printed CNT-Loaded 
RFID-enabled Sensor 
The 25-layer SWNT film was next integrated with an 
RFID tag to form a complete sensor. As described in 
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“RFID Technology in Sensing Applications,” a varia-
tion in the backscattered power level is expected when 
an inkjet-printed SWNT film is used as a load on the 
RFID tag. To illustrate this power-level change, a bow-
tie meander line dipole antenna was designed and 
fabricated on a 100 mm thick flexible paper substrate. 
The RFID prototype structure is shown in Figure 14 
with the SWNT film inkjet printed in the center. The 
nature of the bowtie shape offers a more broadband 
operation for the dipole antenna. A dielectric probe 
station was used for the impedance measurements. 
The measured ZANT at 868 MHz is 42.6 1j11.4 V. 

Simulation and measurement results of the return 
loss of the CNT-loaded antenna are shown in Figure 
15, showing good agreement. The tag bandwidth 
extends from 810 MHz to 890 MHz, covering the whole 

 European RFID band. The radiation pattern is plotted 
in Figure 16. It is almost omnidirectional at 868 MHz 
with directivity around 2.01 dBi and 94.2% radiation 
efficiency. 

In order to verify the performance of the confor-
mal antenna, measurements were performed by stick-
ing the same tag on a 75 mm radius foam cylinder. 
As shown in Figure 15, there is almost no frequency 
 shifting observed, with a bandwidth extending from 
814 MHz to 891 MHz. The directivity is slightly 
decreased to 1.99 dBi with a 90.3% radiation efficiency. 
Overall, good performance is maintained with the 
desired band fully covered. Figure 17 shows the photo-
graph of the designed conformal tag.

In air, the SWNT film exhibited an impedance 
of 51.6–j6.1 V, which results in a power reflection 

RFID Technology in Sensing Applications
A passive radio-frequency identification (RFID) 
system operates as follows. The RFID reader sends 
an interrogating RF signal to the RFID tag consisting 
of an antenna and an integrated circuit (IC) chip as 
a load. The IC responds to the reader by varying its 
input impedance, thus modulating the backscattered 
signal. The modulation scheme often used in RFID 
applications is amplitude shift keying (ASK), in which 
the IC impedance switches between the matched 
state and the mismatched state [55]. The power 
reflection coefficient of the RFID antenna can be 
calculated to evaluate the reflected wave strength 

 h5 `ZIoad2 ZANT*

Zload1 ZANT
` 2, (S1)

where ZLoad and ZANT represent the impedance of the 
load and the antenna terminals, respectively, with its 
complex conjugate ZANT*. 

The same mechanism can be used to realize 
RFID-enabled sensor modules. The gas-sensing film 
functions as a tunable resistor, ZLoad, with a value 
determined by the existence of the target gas. The 
RFID reader monitors the backscattered power level. 
When the power level changes, it means that there 
is variation in the load impedance; therefore, the 
sensor detects the existence of the gas, as illustrated 
in Figure S1.

The expected power levels of the received signal 
at the load of the RFID antenna can be calculated 
using the Friis free-space transmission formula

 Ptag5 PtGtGr a l

4pd
b2

, (S2)

where Pt is the power fed into the reader antenna, 
Gt and Gr are the gain of the reader antenna and tag 

antenna, respectively, and d is the distance between 
the reader and the tag.

Due to the mismatch between the sensing 
material and the tag antenna, a portion of the 
received power would be reflected back, as in 

 Pref5 Ptagh, (S3)

where h is the power refl ection coeffi cient in (S1).
Hence, the backscattered power received by the RFID 
reader is defined as

 Pr5 PrefGtGrha l

4pd
b2

5 PtGt
2Gr

2ha l

4pd
b4

 (S4)

or written in decibel form

 Pr5 Pt1 2Gt1 2Gr2 40log10a4p
l
b

 2 40log10 1d 2 1h, (S5)

where all values remain constant before and after the 
RFID tag is exposed to the gas except h. Therefore, 
the variation of the backscattered power level 
solely depends on h, which is determined by the 
impedance of the gas-sensing film.

Figure S1. Conceptual diagram of RFID-enabled 
sensor modules.

Transmitted Downlink Wave

RFID Tag

Backs Cattered Uplink Wave
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of 218.4 dB. When NH3 is present, the SWNT film’s 
impedance was shifted to 97.1–j18.8 V. The mismatch 
at the antenna port increased the power reflection to 
27.6 dB. Using (5), a 10.8 dBi increase at the received 
backscattered power level was obtained, as shown 
in Figure 18. By detecting this backscattered power 
difference on the reader’s side, the sensing function 
can be fulfilled. Although in measurement noise and 
other issues such as multipath reflection need to be 
addressed thoroughly, the principle of operation of 
the CNT-based RFID gas sensor demonstrated here 
has accomplished a crucial step toward a reality of 
wearable sensor systems.

Conclusion
Different topologies of CNT-based RF passive gas 
sensors have been presented, particularly focusing 

on wireless transducers, which can directly indi-
cate gas concentration through the change of easy-
to-monitor RF parameters. CNTs feature numerous 
unique properties that could potentially enable the 
next generation of gas sensors with sensitivities 
better by 1–2 orders of magnitude with respect to 
existing ones. In addition, CNTs can be easily depos-
ited on conformal and flexible materials utilizing 
 inkjet-printing and other low-cost printing tech-
nologies. The CNT-based topologies presented here 
move the community one step closer to the first truly 
cognitive generation of smart gas sensors. They also 
enable the low-cost realization of wearable, real-time 
gas detection devices with ultralow-power consump-
tion and ultrasensitive selectivity.
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