
Gastag: A Gas Sensing Paradigm using
Graphene-based Tags

Xue Sun†‡, Jie Xiong♯, Chao Feng†‡§, Xiaohui Li†, Jiayi Zhang†

Binghao Li†, Dingyi Fang†‡§, Xiaojiang Chen†‡♮⋄

†Northwest University, ♯Microsoft Research Asia and University of Massachusetts Amherst
‡Shaanxi International Joint Research Centre for the Battery-Free Internet of Things

§Xi’an Key Laboratory of Advanced Computing and System Security
♮Xi’an Advanced Battery-Free Sensing and Computing Technology International Science and Technology

Cooperation Base
†{sunxue, zhangjy, libinghao}@stumail.nwu.edu.cn, ♯jxiong@cs.umass.edu,

†Lxiaohuix@163.com, †{chaofeng, dyf, xjchen}@nwu.edu.cn

ABSTRACT
Gas sensing plays a key role in detecting explosive/toxic
gases and monitoring environmental pollution. Existing ap-
proaches usually require expensive hardware or high main-
tenance cost, and are thus ill-suited for large-scale long-term
deployment. In this paper, we propose Gastag, a gas sensing
paradigm based on passive tags. The heart of Gastag design is
embedding a small piece of gas-sensitive material to a cheap
RFID tag. When gas concentration varies, the conductivity
of gas-sensitive materials changes, impacting the impedance
of the tag and accordingly the received signal. To increase
the sensing sensitivity and gas concentration range capable
of sensing, we carefully select multiple materials and synthe-
size a new material that exhibits high sensitivity and high
surface-to-weight ratio. To enable a long working range, we
redesigned the tag antenna and carefully determined the lo-
cation to place the gas-sensitive material in order to achieve
impedance matching. Comprehensive experiments demon-
strate the effectiveness of the proposed system. Gastag can
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achieve a median error of 6.7 𝑝𝑝𝑚 for 𝐶𝐻4 concentration
measurements, 12.6 𝑝𝑝𝑚 for 𝐶𝑂2 concentration measure-
ments, and 3 𝑝𝑝𝑚 for 𝐶𝑂 concentration measurements, out-
performing a lot of commodity gas sensors on the market.
The working range is successfully increased to 8.5 𝑚, en-
abling the coverage of many tags with a single reader, laying
the foundation for large-scale deployment.

CCS CONCEPTS
• Hardware → Wireless devices; • Human-centered
computing → Ubiquitous and mobile computing;
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1 INTRODUCTION
Gas sensing plays a pivotal role in a large number of appli-
cations, including indoor air quality monitoring [23], haz-
ardous gas detection [5, 6, 47] and precision agriculture [14].
For instance, to maintain high indoor air quality, the con-
centration of carbon dioxide (𝐶𝑂2) should be kept below
1000 𝑝𝑝𝑚 (0.1 % in the air) [63]. Once the𝐶𝑂2 concentration
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Figure 1: Example applications of Gastag: (a) Monitor-
ing 𝐶𝑂2 in an office; (b) Detecting 𝐶𝐻4 leakage in a gas
plant; (c) Monitoring 𝐶𝑂 emission in a factory.

exceeds this level, it can cause symptoms including discom-
fort, headache, and mental fatigue [1]. Another example is
methane (𝐶𝐻4), which is the primary component of natural
gas and is widely used in heating and electricity generation.
Methane gas is very dangerous and methane leakage can
cause severe incidents. From 2010 to 2021, a total of 2600 gas-
related incidents were reported in the United States. Among
these incidents, 328 cases resulted in explosions, causing
122 deaths [41]. In developing countries, gas leakage-caused
explosions result in over a hundred deaths each year [46].

Gas detection papers/tubes are widely used for gas detec-
tion. They can report the existence of a gas but not the more
important concentration information. Also, they are usually
designed for a single use and are not suitable for long-term
monitoring. Existing methods for long-term gas monitor-
ing are mainly based on gas sensors [9]. These sensors are
usually battery-powered and have their own shortcomings
such as requiring calibration (semiconductor-based [38]),
short operational lifetime (electrochemical-based [58]) and
expensive (Non-Dispersive Infrared (NDIR)-based [9] and
Photoionization detector (PID)-based [22]). For large-scale
deployment, these sensors incur high cost and/or high main-
tenance burden (e.g., battery replacement), rendering them
ill-suited for long-term gas monitoring.

Inspired by recent progress on wireless sensing, RFID tech-
nologies are actively explored for sensing purposes [12, 15,
48, 52, 55, 61]. The unique advantage of exploiting RFID tags
for sensing is that the tags are extremely cheap (the price
can be lower than 10 cents) and small in size, making them
ideal for large-scale deployment. The basic idea of RFID sens-
ing is that RFID signals are reflected by target motion (e.g.,
human gesture) and we can extract the motion information
by analyzing the signal variations. However, this method
can not be applied for gas sensing. This is because compared
to the large signal variation caused by target motion, the
effect of gas concentration change on signal propagation is
extremely small and the induced signal variation is too small
to be detected.

Some other works further propose to place RFID tags very
close (e.g., with a distance smaller than 2 𝑐𝑚) to the sensing
target so that the impedance of the tag can be influenced by

the target. Different from conventional RFID sensing which
influences the signal propagation path, this method captures
the influence of the target on the transceivers for sensing.
This method has been successfully used to sense the liquid
type [55, 61]. However, it is still far from being effective for
gas sensing because the amount of impedance change caused
by gas concentration change in the air is orders of magnitude
smaller than that caused by liquids.
Therefore, although cheap RFID tags are ideal for large-

scale deployment, it is challenging to use them for gas sens-
ing. In this paper, we propose a new sensing paradigm based
on cheap RFID tags for gas sensing, as shown in Fig. 1. The
key idea is to replace a small part of the tag antenna with
gas-sensitive material to significantly increase the effect of
gas change on the tag and eventually create a large enough
signal variation that can be utilized for sensing. Specifically,
the gas concentration change can cause the chemical proper-
ties of the gas-sensitive material to vary, causing variations
of the received signal at the RFID reader. We can thus exploit
this signal variation for gas sensing such as concentration
measurements. Although promising, we face several chal-
lenges before we can turn this idea into a working system.

• To make sure the RFID tag can still communicate with
the reader, we can only replace a small part of the
tag antenna with the gas-sensitive material. However,
with just a small piece of gas-sensitive material, the
amount of signal variation caused by gas change is
also extremely small, making fine-grained gas sens-
ing challenging. Furthermore, most materials are only
sensitive to the gas concentration change in a small
range. It is challenging to use a small piece of mate-
rial to realize fine-grained gas sensing in a large gas
concentration range.

• The second challenge is that although gas concentra-
tion change can affect the property of the gas-sensitive
material and eventually the signal received at the RFID
reader, the relationship between the gas concentration
and the signal variation is complicated and unknown.
Modeling the mathematical relationship without any
training or machine learning is challenging.

• Although we replaced just a small part of the tag an-
tenna with gas-sensitive material, we still observed a
sharp drop in the communication distance between
RFID reader and RFID tags. This small range severely
restricts the practicality and adoption of the proposed
system for large-scale deployment.

• While the gas concentration can cause signal varia-
tions, the signal variations are also affected by other
factors such as reader-tag distance/orientation. It is not
practical to place the reader and tag always at a fixed
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distance and orientation for sensing and it is thus criti-
cal to make the proposed system distance-independent
and orientation-independent.

To address the first challenge, among those commonly
usedmaterials for gas sensing (e.g., nanocomposite, graphene
and polymer), we select the one that is most sensitive to
the target gas. For example, for 𝐶𝐻4, we select polyaniline
(PANI) which is a polymer, and for 𝐶𝑂2, we select carbon
nanotubes (CNTs), which belong to the graphene family.
Although sensitive, the workable concentration range for
these materials is still limited. Take PANI as an example. The
concentration range of𝐶𝐻4 the PANImaterial is able to sense
is between 0-100 𝑝𝑝𝑚, far smaller than the targeted range (0-
1000 𝑝𝑝𝑚) for practical use. Note that the concentration
range is mainly determined by the maximum amount of
gas a unit weight of material can absorb. To increase the
workable concentration range, we thus need to increase the
surface area of the sensing material. We find that reduced
Graphene Oxide (rGO) is an outstanding candidate with
an extremely large surface-to-weight ratio. We therefore
synthesize rGO with the gas-sensitive material to form a
new synthetic material (e.g., rGO-PANI for 𝐶𝐻4 sensing)
which exhibits fine sensitivity and at the same time can
work in a much larger concentration range. Another exciting
property of the new material is that it exhibits a rapid rate
of gas adsorption and desorption, making it suitable for real-
time monitoring (fast adsorption) and for quick reuse (fast
desorption).

To address the second challenge, we dig deeply to under-
stand the relationship between signal variation and gas con-
centration change. Specifically, the gas concentration change
affects the gasmaterial’s properties, leading to the impedance
change of the tag antenna. This impedance change eventually
causes signal variations at the receiver. We mathematically
model the relationship to quantify the effect of gas concen-
tration change on signal variations.

To address the third challenge which is the much smaller
working distance after the sensing material replaces the orig-
inal antenna part, we investigate the key factors affecting
the reader-tag working distance. We find that impedance
mismatch between the tag antenna and tag IC is the key rea-
son causing the decreased distance. We notice that the gas
material position (i.e., where the antenna part is replaced)
indeed influences the impedance. We therefore establish
an equivalent circuit model to analyze the relationship be-
tween material position and the impedance value. We further
find that although the material placement position affects
the impedance, just tuning the material position can not
achieve impedance matching. We therefore involve the an-
tenna shape into the loop to design both antenna shape and
material position to achieve full impedance matching. This

approach can significantly increase the working distance
from 0.15𝑚 to 8.5𝑚.
To address the last challenge, i.e., reader-tag distance de-

pendency, we adopt a second tag without any modification
as a reference to cancel the effect of distance and other in-
terference. We designed and fabricated Gastag tags for our
experiment. The cost of the tag is below 50 cents. We con-
ducted extensive field experiments with a commercial Impinj
R420 reader serving as the transceiver. Comprehensive ex-
periments in three typical indoor environments demonstrate
that Gastag can achieve accurate, long-range, and robust
gas sensing. To summarize, this paper makes the following
contributions:

• We present Gastag, a new gas sensing paradigm based
on cheap passive RFID tags. We combine several ele-
ments of different disciplines, more specifically, ma-
terial science, RFID tag design and wireless sensing
to realize an end-to-end long-range fine-grained gas
sensing system using cheap RFID tags for the first time.

• We propose novel designs spanning across hardware
and software to address various challenges includ-
ing limited concentration range, short distance, and
distance-dependency. We believe the proposed designs
can inspire follow-up research on this exciting area.

• We validated the effectiveness of Gastag with real-
world environments. Experiment results show that the
sensing range is increased from 0.15𝑚 to 8.5𝑚. Gastag
can achieve a median error of 6.7 𝑝𝑝𝑚 for 𝐶𝐻4, 12.6
𝑝𝑝𝑚 for𝐶𝑂2 and 3 𝑝𝑝𝑚 for𝐶𝑂 concentrationmeasure-
ments in large concentration ranges. The accuracy of
Gastag outperforms a large range of commodity gas
sensors on the market.

2 BACKGROUND ON RFID SYSTEM
A passive RFID system typically consists of a reader and
several battery-less passive tags. For communication, the
reader transmits periodic continuous wave (CW) signals and
the passive tag activates itself by harvesting energy from
the CW signal and modulates its data on the backscattered
signals using on-off keying, as shown in Fig. 2. We next
introduce two important parameters of RFID tags related to
our system design.
Tag Phase. The phase reading 𝜃 reported by the RFID

reader can be expressed as [44]:

𝜃 = ( 2𝜋
𝜆

∗ 2𝑑 + 𝜃𝑝𝑜𝑙 + 𝜃𝑡𝑎𝑔) mod 2𝜋, (1)

where 𝜆 is the wavelength of the carrier frequency and 𝑑 de-
notes the distance between the reader antenna and tag. 𝜃𝑝𝑜𝑙
is the polarization offset induced by the difference of polariza-
tion directions between the reader antenna and tag.𝜃𝑡𝑎𝑔 is the
phase variation caused by a change in the tag’s impedance,
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Figure 2: Operation of an RFID reader and a tag.

and it can be expressed as𝜃𝑡𝑎𝑔 = 𝑎𝑟𝑔( 1
𝑍𝑎+𝑍𝑐 (𝑜 𝑓 𝑓 )−

1
𝑍𝑎+𝑍𝑐 (𝑜𝑛) ) [4].

𝑍𝑎 is the antenna impedance, 𝑍𝑐 (𝑜 𝑓 𝑓 ) and 𝑍𝑐 (𝑜𝑛) respec-
tively denote the chip impedance𝑍𝑐 in two states. Since𝑍𝑜 𝑓 𝑓

is usually very large [4], 𝜃𝑡𝑎𝑔 can thus be expressed as:

𝜃𝑡𝑎𝑔 = 𝑎𝑟𝑔(− 1
𝑍𝑎 + 𝑍𝑐 (𝑜𝑛)

). (2)

As shown in the above equation, the phase reading is
mainly affected by four parameters, i.e., 𝜆, 𝑑 , 𝜃𝑝𝑜𝑙 and 𝑍𝑎 . To
use phase information to sense gas concentration, we need to
link antenna impedance 𝑍𝑎 with the change of gas concentra-
tion. This is because given a fixed deployment between the
tag and reader, 𝑑 and 𝜃𝑝𝑜𝑙 are constants. 𝜆 is also a constant
as gas concentration change has a negligible effect on it.

Tag Chip Threshold Power. To activate the passive tag,
the harvested power 𝑃𝑐 should be larger than the minimum
power 𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 required to power up the chip. Generally,
𝑃𝑐 can be expressed as [3]:

𝑃𝑐 = (1 − |Γ |2)𝐺𝑡𝑎𝑔𝐺𝑡𝑃𝑡𝜌
2 ( 𝜆

4𝜋𝑑
)2, (3)

where 𝑃𝑡 is the transmission power, 𝐺𝑡 is the gain of the
reader antenna, 𝐺𝑡𝑎𝑔 is the gain of the tag antenna, 𝜌 is the
polarization loss factor and Γ =

𝑍𝑐−(𝑍𝑎 )∗
𝑍𝑐+(𝑍𝑎 ) . Thus, to increase

the working distance between reader and tag, we can increase
𝐺𝑡𝑎𝑔 and 𝑃𝑡 , or achieve impedance matching with Γ = 0.

3 DESIGN OF GASTAG
In this section, we first introduce how Gastag synthesizes
new gas-sensitive material to sense the gas concentration
changes. Then, we explain how Gastag embeds the gas-
sensitive materials into a tag and modifies the tag shape
to enable a long working range.

3.1 Gas-sensitive Material Preparation
3.1.1 Choices of Gas-sensitive Materials. To enable low-cost,
accurate, and practical gas sensing, the gas-sensitive material
should meet the following requirements: (i) Easy to fabricate;
(ii) Fast response to gas changes; and (iii) Work under room
temperature (i.e., does not require a very high temperature
to work). Among those commonly used materials for gas
sensing (e.g., nanocomposite, graphene and polymer), we
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Figure 3: Phase variations when increasing the gas
concentration.

select the one that is most sensitive to the target gas. For
example, for 𝐶𝐻4, we select polyaniline (PANI) which is a
polymer, and for 𝐶𝑂2, we select carbon nanotubes (CNTs),
which belong to the graphene family.

We first characterize the gas-sensing performance of PANI.
We embed this material into an RFID tag by replacing a
part of the antenna with a length of 4 𝑚𝑚 at a distance
of 3 𝑚𝑚 from the chip with the gas-sensitive material as
shown in Fig. 6. We conduct a benchmark experiment by
varying the concentration of 𝐶𝐻4 from 0 to 1000 𝑝𝑝𝑚 and
the concentration of 𝐶𝑂2 from 500 to 5000 𝑝𝑝𝑚. We collect
the phase readings of the modified tag and the original tag,
respectively. The results are shown in Fig. 3. We can see that
without the gas-sensitive material, the phase readings of the
original tag do not change with the concentration. With the
gas-sensitive material in the tag, we do see the changes. For
𝐶𝐻4, the phase increases from 0 to 0.01 𝑟𝑎𝑑 (0.57◦) when
the concentration is increased from 0 to 100 𝑝𝑝𝑚. However,
when the concentration is further increased, the phase does
not change much. These results imply that although the gas-
sensitive material is effective, it has a very small working
concentration range.
Generally, when the gas-sensitive material is exposed to

a specific gas, a certain amount of gas molecules will be
adsorbed to the material. This adsorption causes a redistri-
bution of electrons within the material molecule, leading
to a change in its electrical conductivity [39]. Note that the
working concentration range of a gas material is determined
by the maximum amount of gas a unit weight of the material
can adsorb [40]. With a larger surface-to-weight-ratio (SWR),
more gas molecules can be adsorbed. Hence, to make the gas-
sensitive material have a large working concentration range,
we need to increase the SWR of gas-sensitive materials.

3.1.2 Improving the SWR of Gas-sensitive Materials. To im-
prove the SWR, we propose to synthesize the gas-sensitive
materials with the Reduced Graphene Oxide (rGO). rGO has
a layered structure that contains many tiny pores. This mi-
croporous structure can provide more surfaces and facilitate
the diffusion and adsorption of gas, increasing the SWR of
the material. Thus, by fusing the gas-sensitive material with
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(a) PANI, SWR: 0.3𝑚2/𝑔 (b) rGO-PANI, SWR: 27𝑚2/𝑔

Figure 4: SEM images of gas-sensitive materials.
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rGO, we can effectively increase the SWR of the material.
We employ the chemical fusion process [59] to synthesize
the new material. The detailed material synthesis process is
presented in Fig. 5.
To verify the effectiveness of the synthesized material,

we conduct benchmark experiment by varying the concen-
tration of 𝐶𝐻4 from 0 to 1000 𝑝𝑝𝑚 and collect the phase
readings. The result is shown in Fig. 3(a). We can clearly
see that the phase readings now continue to increase after
100 𝑝𝑝𝑚. The phase increases from 0 to 0.06 𝑟𝑎𝑑 (3.42◦) when
the concentration is increased from 0 to 1000 𝑝𝑝𝑚.

Finally, we use Scanning Electron Microscopy (SEM) [37]
to visualize the material surface morphology. The results are
presented in Fig. 4. We utilize a surface area testing instru-
ment [35] to measure the surface area of PANI, which is 0.3
𝑚2/𝑔. Compared to PANI, the structure of rGO-PANI pos-
sesses layers and pores, providing a much larger surface area
for gas adsorption. The SWR of rGO-PANI is measured as
27𝑚2/𝑔, 90 times larger than the original material. These re-
sults imply that the proposed scheme can effectively increase
the SWR of the material to enlarge the gas concentration
range the material is able to sense.

3.2 Tag Antenna Design
In this section, we elaborate on our tag antenna design in-
cluding: (i) how Gastag embeds the gas-sensitive material
to the antenna to achieve accurate sensing; and (ii) how
Gastag maximizes the working range of the sensing tag for
long-range monitoring.

3.2.1 The Basic Structure. Gastag adopts the tag shape de-
sign of commercial RFID tags as the basic structure, which
is easy to fabricate at a low cost and has a desired omnidirec-
tional radiation pattern. As illustrated in Fig. 6, the antenna
has a simple structure, which consists of a loop antenna, a
folded dipole antenna, and a chip (IC).

3.2.2 How to Embed Gas-sensitive Material. A straightfor-
ward way is to make the antenna totally or partially with
the gas-sensitive material. However, this design severely de-
grades the antenna performance, leading to an extremely
small working distance between the reader and the tag. An-
other option is to dope the material on the surface of the
tag antenna. However, such a solution presents a poor gas-
sensing sensitivity. Ideally, we would like our design to have
a high sensitivity and at the same time maintain a reason-
ably large working distance which is critical for large-scale
deployment. To achieve these objectives, we build an equiva-
lent circuit to analyze the relationship between the location
of the material and the sensing performance. We take one
basic tag structure as an example to illustrate our design. The
tag antenna consists of two parts: a loop antenna and a dipole
antenna. We adopt two methods to embed the material in
each part. Specifically, we cut off a small part of the antenna
and replace it with the gas-sensitive material (i.e., Method
A and C), or directly cover a small part of the antenna with
the material (i.e., Method B and D) as shown in Fig. 6.
Next, we build the equivalent circuit corresponding to

each position, as shown in Fig. 7. To calculate the change in
the antenna’s impedance 𝑍𝑎 , we need to calculate the added
material’s impedance 𝑍𝑚 . We utilize the surface impedance
model to calculate the material’s impedance [31]:

𝑍𝑚 =

√︄
𝑗2𝜋 𝑓 𝜇0𝜇𝑟
𝜎 + 𝑗𝜔𝜀0

, (4)

where 𝑓 is the working frequency, 𝜇0 is the air magnetic
permeability and 𝜇𝑟 is the relative magnetic permeability.
The gas-sensing material is non-magnetic material and its
𝜇𝑟 can be regarded as 1. 𝜎 is the material conductivity at
high frequency and 𝜀0 is the air permittivity. 𝜎 can be further
expressed as:

𝜎 =
𝜎0

1 + 𝑗2𝜋 𝑓 𝜏
, (5)

here 𝜎0 is the material conductivity under direct current (DC).
𝜏 is the relaxation time for free electrons, and 2𝜋 𝑓 𝜏 << 1.
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Figure 7: Equivalent circuits corresponding to possible material placement locations on the tag.

Figure 8: Phase variation for different methods.

After obtaining 𝑍𝑚 , we move forward to calculate 𝑍𝑎 .
Specifically, when the loop antenna is cut and replaced with
gas-sensitive material, its impedance 𝑍𝑙 is in series with the
material’s impedance 𝑍𝑚 as shown in Fig. 7(a). 𝑍𝑎 can thus
be calculated as 𝑍𝑎 = 𝑍𝑙 + 𝑍𝑚 + (𝜔𝑀 )2

𝑍𝑑
, where 𝑍𝑑 is the

dipole antenna’s impedance, and𝑀 is the mutual inductance
between the loop antenna and dipole antenna. When the
material is used to cover the loop antenna, it can be repre-
sented as 𝑍𝑚 in parallel with 𝑍𝑙 , as shown in Fig. 7(b). 𝑍𝑎 can
thus be calculated as 𝑍𝑎 =

𝑍𝑙 ∗𝑍𝑚

𝑍𝑙+𝑍𝑚
+ (𝜔𝑀 )2

𝑍𝑑
. Fig. 7(c) illustrates

the equivalent circuit when the dipole antenna is cut and
replaced with the gas-sensitive material and 𝑍𝑎 = 𝑍𝑙 + (𝜔𝑀 )2

𝑍𝑑+𝑍𝑚
.

When the material covers the dipole antenna, the equiva-
lent circuit is shown in Fig. 7(d) and 𝑍𝑎 is represented as
𝑍𝑎 = 𝑍𝑙 + (𝜔𝑀 )2

𝑍𝑑 | |𝑍𝑚
.

We then perform simulations to understand the tag’s
impedance changes when the sensing material is placed un-
der different methods. We first utilize Ansys HFSS (High-
Frequency Structure Simulator) [20] to simulate 𝑍𝑙 and 𝑍𝑑 ,
and calculate the change of antenna impedance. We then
calculate the phase variations based on Eq. 2. The result is
shown in Fig. 8(a) and we can see that the phase variation
induced by method A is larger than other methods.
We further conduct an experiment to verify this. We fab-

ricate four tags with the same basic structure and perform
tag modifications using the four methods respectively. Then,
we place these tags inside a sealed glass box and vary the
concentration of𝐶𝑂2 from 500 to 5000 𝑝𝑝𝑚. For each tag, we
measure the phase readings before and after flushing 𝐶𝑂2
into the box and calculate the phase changes. We set the
distance between the tag and the reader antenna as 15 𝑐𝑚 to
ensure the reader can read the tag. Fig. 8(b) shows the phase
variations for the four methods. We can see that Method A

Figure 9: Estimated phase variation of different cut
locations in the loop antenna.

achieves a larger phase variation, matching the simulation
result. Therefore, we choose the loop antenna part to place the
sensing material in a cut-and-replace manner.
Now we investigate where to place the sensing material

in the loop antenna region. We change the cut locations
and conduct experiments to study the impact. Fig. 9 plots
the phase variations for different cut locations. We find an
interesting observation, i.e., as the cut location gets closer to
the tag chip, the variation becomes larger. Whenwe place the
sensing material at location A1, the largest phase change is
achieved. To explain the rationale behind this phenomenon,
we utilize the HFSS tool to simulate the current distribution
inside the tag antenna. As shown in Fig. 10, we can see that
the distribution is highly unbalanced: the current at the edge
is much weaker than the current near the tag IC. Thus, we
select a location near the tag IC to place the material. Note
that when we cut the antenna very close to the IC, there is a
risk of damaging the IC. Thus, we place the sensing material
with a distance of 3-5𝑚𝑚 to ensure the IC function is not
affected.

3.2.3 Improving the Working Range. When the gas-sensitive
material is embedded in the tag antenna, we find that the
working range drops dramatically from a few meters to just
15 𝑐𝑚. Such a short distance hinders it from being used for
large-scale deployment. Based on Eq. 3, we know that the
working distance is primarily determined by the reflection co-
efficient Γ, the gain of tag antenna𝐺𝑡𝑎𝑔 , and the reader trans-
mission power 𝑃𝑡 . Due to FCC regulations, the maximum
power a commercial RFID reader can transmit is 32 𝑑𝐵𝑚
which is a constant. To improve the working range, we need
to minimize the reflection coefficient Γ and enlarge the tag
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Figure 10: Current distribution inside tag antenna.

Metal Strip
Gas-sensitive Material

IC
Zl Zm

Zstrip

(a)                                            (b)
Figure 11: Illustration of the loop antenna: (a) Enlarged
view; (b) Equivalent circuit.

antenna gain 𝐺𝑡𝑎𝑔 after the gas-sensitive material is embed-
ded in the tag.
Minimizing Γ. To minimize the reflection coefficient Γ,

impedance matching needs to be achieved:

𝑍𝑎 = 𝑍 ∗
𝑐 , (6)

where 𝑍𝑎 and 𝑍𝑐 are the impedance of the antenna and the
impedance of the chip respectively. Traditional solutions for
impedance matching are to fine-tune the parameters of the
tag antenna [32]. However, directly applying such solutions
is not suitable here. This is because the gas-sensitive material
induces a large loss resistance, i.e., about 575 Ω (measured by
Vector Network Analyzer) at the tag antenna. On the other
hand, the resistance of the chip is only 30.53 Ω. Such a large
gap makes fine-tuning parameters not working in our case.
To resolve this problem, inspired by the parallel resis-

tance theory [28], which depicts that the overall resistance
is mainly determined by the smaller resistance value, we
propose a simple yet effective scheme to parallel a thin metal
strip next to the gas-sensitive material, as shown in Fig. 11.
Note that paralleling a metal strip to the material is not the
same as Method B in Fig. 7.
To determine the design of the metal strip, we use a clas-

sical transmission line equivalent resistance model to model
the resistance of such a structure [49]:

𝑅 =
1
𝜎
( 𝑙

𝑤ℎ
), (7)

where 𝑙 and 𝑤 are the length and width of the metal strip,
and ℎ is the thickness of the metal strip, which is 10 𝑢𝑚.
Based on Eq. 7, we can optimize the width and length of the
metal strip to achieve our desired resistance. We can then
tune the other parameters of the tag to achieve impedance
matching. For matching of imaginary part of the input and
load impedance, we also tune the shape of the tag antenna.

Table 1: The parameters of the Gastag.
Parameter Value (mm) Parameter Value (mm)

R 10.5 D 7.6
P 4.2 Q 3.2
h 21.1 s 12.2
w 6.9 L 60.4

Increasing the Tag Antenna Gain 𝐺𝑡𝑎𝑔. Since the RFID
tag is based on a folded dipole antenna and loop antenna,
its gain is primarily related to the following parameters: the
number of the fold, the width and height of the fold, the
shape of the end load and loop antenna, and the material
of the antenna [25], as shown in Fig. 13. We use the HFSS
tool to conduct simulations to explore how these parameters
affect the antenna’s gain and the following conclusions are
obtained. (i) Fig. 12(a) shows that as the number of folds
increases, the antenna gain decreases. We thus select one fold
for our sensing tag. (ii) Fig. 12(b) shows that the wider the fold
width, the larger the tag gain. Fig. 12(c) shows that a larger
height of the fold leads to a larger tag gain. Thus, we set a
larger width and a larger height of the fold for our tag design.
(iii) Fig. 12(d) and Fig. 12(e) show that for the same area,
circular shape achieves a larger gain. Therefore, we design
the shape of the end load and the loop antenna as circles. (iv)
Fig. 12(f) shows that the gain of a copper antenna is larger
than that of an aluminum antenna. We thus select copper as
the antenna material. Tab. 1 summarizes the chosen antenna
parameters based on the above observations. The simulation
results in Fig. 14 show that the gain of the optimized tag is
close to 2.2 𝑑𝐵 in the 902.75 - 927.25𝑀𝐻𝑧 band.

3.3 Tag Fabrication
In this section, we describe the fabrication process of the
sensing tag. The workflow is shown in Fig. 15. It consists of
four steps: (1) We first employ laser printing technology to
shape the copper film according to the desired tag antenna
design derived in Sec. 3.2; (2) Then, we use the conductive sil-
ver paste to embed the chip into the antenna and laminate the
shaped copper film to the polyethylene terephthalate (PET)
substrate [10]. The reason for selecting PET as the substrate
is due to its stability, water resistance, flexibility, and low
cost; (3) Next, we spray the gas-sensitive material evenly at
the carefully chosen location on the substrate; (4) Finally,
the whole structure is encapsulated with Biaxially Oriented
Polypropylene (BOPP) [2], except the area where the sensing
material is placed.

4 GAS SENSING
In this section, we introduce the method we developed to
measure the gas concentration from the backscattered signal.
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Figure 12: Different parameters have different effects on the tag antenna gain.
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Figure 13: Illustration of the basic tag parameters.

Figure 14: Optimized structure and gain of the designed
tag antenna.

Figure 15: Workflow of tag fabrication.

4.1 Tag Sensing Model
We now extend the basic model, i.e., Eq.1 in Sec. 2 to accom-
modate the case when the gas concentration changes. Since
the gas-sensitive material is embedded into the tag antenna,
the tag’s impedance 𝑍𝑎 is a function of the gas concentration
Λ. We thus can rewrite Eq.1 as follows:

𝜃 (Λ) = ( 2𝜋
𝜆

∗ 2𝑑 + 𝜃𝑝𝑜𝑙 + 𝑎𝑟𝑔(− 1
𝑍𝑎 (Λ) + 𝑍𝑐 (𝑜𝑛)

)) mod 2𝜋.

(8)
From the above equation, we can see that the phase of the

signal arriving at the reader is not only dependent on the
tag antenna impedance, but also on tag-to-reader distance,
and polarization match due to tag orientation. To further
complicate matters, other factors such as human motion and
multipath can also impact the phase of the received signal.
To tackle this problem, we adopt a twin-tag design to

obtain the clean signal only affected by gas. Specifically, we
deploy two tags next to each other, where one tag embeds a
gas-sensitive material (sensing tag) and the other tag does
not (reference tag). Since the reference tag and sensing tag
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Figure 16: Map phase reading to gas concentration.

are close to each other, they experience almost the same
environmental interference. The phase difference is as below:

Δ𝜃 = 𝜃𝑠 − 𝜃𝑟 = 𝑎𝑟𝑔(− 1
𝑍𝑎 (Λ) + 𝑍𝑐 (𝑜𝑛)

) − 𝜃𝑡𝑎𝑔,𝑟 , (9)

where 𝜃𝑠 and 𝜃𝑟 are the phases of the sensing tag and refer-
ence tag, respectively. We can see that Δ𝜃 is only related to
the gas concentration.

4.2 Gas Concentration Sensing
Next, our goal is to model the relationship between the dif-
ferential phase and gas concentration. We first calculate the
phase difference between the two tags [Δ𝜃1,Δ𝜃2, ...,Δ𝜃𝐼 ] at
different gas concentration levels [𝐺1,𝐺2, ...,𝐺𝐼 ] in a hall en-
vironment. Then we normalize the data by subtracting the
minimum phase difference. After that, we leverage polyno-
mial curve fitting to find the best polynomial function Υ to
minimize the difference between fitted values and ground-
truth values:

𝑎𝑟𝑔𝑚𝑖𝑛
𝑛,𝑝

(|Υ(𝑛, 𝑝,Δ𝜃 ) −𝐺 |2), (10)

where Υ𝑖 (𝑛, 𝑝,Δ𝜃 ) = 𝑝1Δ𝜃
𝑛
𝑖 + 𝑝2Δ𝜃

𝑛−1
𝑖 + · · · + 𝑝𝑛Δ𝜃𝑖 + 𝑝𝑛+1,

𝑛 and 𝑝 are the coefficients of the polynomial function, and
𝑖 the level index of gas concentrations.

We collect measurements for 𝐶𝐻4 and 𝐶𝑂2 in a sealed
glass box by increasing the gas concentration gradually from
0 to 1000 𝑝𝑝𝑚 at a step size of 10 𝑝𝑝𝑚, and 500 to 5000 𝑝𝑝𝑚
at a step size of 50 𝑝𝑝𝑚, respectively. For each gas concen-
tration, we collect 20 measurements. Note that this process
is a one-time effort and the obtained model is environment
independent. The ground truth gas concentration is obtained
by using the gas Mass Flow Controller (MFC) [21]. We con-
trol the volume and speed of the gas to determine the gas
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concentration and use it as the ground truth. Fig. 16 shows
the results of the fitted curve. The dots in blue show phase
variations for measured gas concentration, and the red line
shows the fitted polynomial curve. By using the fitted curve,
we can estimate gas concentration for a given phase varia-
tion value. For Impinj Speedway R420 RFID reader used in
this work, the phase resolution is 0.0015 𝑟𝑎𝑑 [53].
To enable more accurate gas concentration sensing, we

further leverage one observation: if we adopt signals of dif-
ferent frequencies, we obtain different amounts of phase
variations under the same gas concentration change. Thus,
we can exploit the frequency diversity of the RFID signals
to boost the sensing performance. Specifically, we adopt the
inherent frequency hopping mechanism of RFID to send CW
signals of different frequencies. Note that we do not neces-
sarily need to hop all the channels. We choose to hop five
channels and adopt a weighted average scheme to obtain the
final predicted concentration level 𝐺 𝑓 𝑖𝑛𝑎𝑙 :

𝐺 𝑓 𝑖𝑛𝑎𝑙 =
1
𝐹

𝐹∑︁
𝑓 =1

𝑤 𝑓 Υ(𝑓 ), (11)

where 𝑓 and 𝐹 are the channel number index and total num-
ber of channels. We assign weight to each channel based
on the amount of phase variation obtained:𝑤 𝑓 =

Δ𝜃 (𝑓 )∑𝐹
𝑖=1 Δ𝜃 (𝑖 )

.
RFID reader hops to one new channel every 200 𝑚𝑠 [57].
Hopping to five channels in the test stage takes around one
second, which is fast enough compared to the gas concen-
tration changes that take minutes or even hours.

5 IMPLEMENTATION
Hardware implementation.We use an Impinj Speedway
R420 reader [57] with a Larid S9028 directional antenna (9
𝑑𝐵𝑖) as the transceiver. The reader operates in the frequency
range of 902.75 – 927.25𝑀𝐻𝑧, and the transmission power
is 32 𝑑𝐵𝑚.
Experiment setup. For controlled experiments, we use

MFC to adjust the gas concentration in a glass box (height:
30 𝑐𝑚, width: 30 𝑐𝑚, and length: 60 𝑐𝑚). Note that as 𝐶𝑂
and 𝐶𝐻4 are toxic/hazardous, we only conduct uncontrolled
experiments on 𝐶𝑂2. The ground-truth gas concentration is
obtained using the gas MFC by controlling the volume and
speed of the incoming gas. The maximum speed of the MFC
is 10 𝑠𝑐𝑐𝑚 (standard cubic centimeter per minute), and the
accuracy is 0.01 𝑠𝑐𝑐𝑚.
We conduct extensive experiments in three indoor envi-

ronments, i.e., an open hall environment, an office, and an
underground garage (UG), as shown in Fig. 17. In the de-
fault setup, we conduct experiments in the hall environment.
We set the distance between the tag and reader antenna as
2.5𝑚. The spacing between two tags is 6 𝑐𝑚. We vary the
concentrations of 𝐶𝐻4 and 𝐶𝑂2 in the glass box from 0 to

1000 𝑝𝑝𝑚 at a step size of 10 𝑝𝑝𝑚 and 500 to 5000 𝑝𝑝𝑚 at a
step size of 50 𝑝𝑝𝑚. The concentration of 𝐶𝑂2 starts from
500 𝑝𝑝𝑚 because the concentration of 𝐶𝑂2 in the air in our
daily environment is around 400 𝑝𝑝𝑚 [19]. Note that the
gas-sensitive materials used for sensing 𝐶𝐻4 and 𝐶𝑂2 are
rGO-PANI and rGO-CNT, respectively.

Performance metric:We use the absolute error between
the estimated and the true gas concentration as the perfor-
mance metric. The accuracy of commercial 𝐶𝐻4 sensors is
around 10 𝑝𝑝𝑚 [13] and the accuracy of commercial 𝐶𝑂2
sensors is 50 𝑝𝑝𝑚 + 5% of reading [11].

6 EVALUATION
6.1 Performance of Gas Sensing Accuracy
Accuracy in static scenarios. We first study the accuracy
of Gastag in static scenario. We adopt the default exper-
iment setup. Fig. 18 presents the cumulative distribution
function (CDF) of the sensing error. We can see that Gastag
can achieve a median error of 6.7 𝑝𝑝𝑚 and a 90% percentile
error of 17.2 𝑝𝑝𝑚 for 𝐶𝐻4. For 𝐶𝑂2, the median error is
around 12.6 𝑝𝑝𝑚, and the 90% percentile error is 45.5 𝑝𝑝𝑚.
The achieved accuracy outperforms a lot of commodity gas
sensors on the market.

Accuracy in different concentration intervals. To ex-
amine the performance of Gastag in different gas concentra-
tion intervals, we divide the whole gas concentration range,
i.e., 0 to 1000 𝑝𝑝𝑚 for 𝐶𝐻4 and 500 to 5000 𝑝𝑝𝑚 for 𝐶𝑂2
into 10 equal intervals. The experiment setup is the same as
the default setup. Fig. 19 plots the average error in different
intervals. We can see that as the gas concentration increases,
the estimation error also becomes larger. A rough linear rela-
tionship can be observed which means the percentage error
is roughly a constant.

Comparison with dedicated sensors.We now compare
the performance of the proposed Gastag system with com-
modity gas sensors. We employ two commodity sensors for
each gas. Specifically, 𝐶𝐻4 gas sensors include FORENSICS
sensor ($355, Sensor-1) [13] and TopTes PT520A sensor ($33,
Sensor-2) [45]. The first one is a catalytic combustion sen-
sor that operates based on the principle of catalytic com-
bustion of methane and oxygen in the air. The other is an
electrochemical sensor that utilizes the electrochemical reac-
tion between methane gas and the electrodes for concentra-
tion measurement.𝐶𝑂2 sensors include Gain Express sensor
($163, Sensor-3) and Sefimir sensor ($46, Sensor-4). These
two sensors are based on Non-Dispersive InfraRed (NDIR)
technology. They monitor gas concentration by measuring
the light intensity at a specific infrared wavelength. Fig. 20
plots the CDF of gas sensing errors. We can see that Gastag
outperforms low-end commodity sensors, i.e., sensor-2 ($33)
and sensor-4 ($46). The performance of Gastag is comparable
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Figure 17: Experiment setup in different environments.
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Figure 18: CDF of estima-
tion error for 𝐶𝐻4 and 𝐶𝑂2.

1 2 3 4 5 6 7 8 9 10
Index of Concentration Intervals

0

10

20

30

40

50

Es
tim

at
io

n 
Er

ro
r (

pp
m

) CH4
CO2

Figure 19: Performance in
different intervals.

10.7 17.2 42.4

(a) 𝐶𝐻4

23.647.1 122.1

(b) 𝐶𝑂2

Figure 20: Performance comparisons between Gastag
and several commodity gas concentration sensors.
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Figure 21: Performance at different locations.
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Figure 22: Impact of human
motion interference.
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Figure 23: CDF of concen-
tration error for 𝐶𝑂 .

to those high-end sensors, i.e., sensor-1 ($355) and sensor-
3 ($163). Note that the cost of the tag is below 50 cents and
one reader can cover many tags.
Single-reader multi-location gas sensing. One single

RFID reader can work with multiple RFID tags deployed at
different locations to monitor gas concentration. We deploy
tags at 10 different locations as shown in Fig. 21(a) and use a
single reader to collect RFID readings from the 10 twin-tags
at the same time. Note that the reader is fixed at one location
and does not move during the sensing process. The results
are shown in Fig. 21(b). We can see that in general, when
the tags are closer to the reader, lower error can be achieved.
However, even for the tags located 8𝑚 away (i.e., 𝑃10), our
system can still achieve highly accurate sensing performance.
This experiment also demonstrates the capability of simul-
taneously sensing gas concentrations at different locations
with one single reader. The system latency for reading 20 tags

is around one second. Note that gas concentration changes
much more slowly, i.e., on the scale of minutes or even hours.

Sensing performance in the presence of interference.
In a real environment, there exists interference (e.g., the
human movements). To generate interference in the environ-
ment, we ask different numbers of persons to move around
the sensing device. Fig. 22 shows the gas concentration es-
timation errors. We can clearly see that as the number of
persons increases, the estimation error becomes larger.When
there are 5 persons, the average estimation errors are still
low, i.e., 12 𝑝𝑝𝑚 and 32 𝑝𝑝𝑚 for 𝐶𝐻4 and 𝐶𝑂2, respectively.
This experiment demonstrates that the twin-tag design is
effective in dealing with interference in the environment.

Applying Gastag to sense other gases. To examine the
generalization capability of Gastag to sense other gases, we
apply Gastag to sense another toxic gas 𝐶𝑂 . We synthesize
Polypyrrole (PPy) and rGO to create a newmaterial rGO-PPy.
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Figure 25: Recovery time
of the sensing material.

We adopt the default setup for this experiment and change
the concentration of 𝐶𝑂 from 0 to 400 𝑝𝑝𝑚 at a step size of
20 𝑝𝑝𝑚. For each concentration, we collect 20 measurements.
Fig. 23 shows that Gastag can achieve a median estimation
error of 3 𝑝𝑝𝑚 for 𝐶𝑂 sensing, which demonstrates the gen-
eralization capability of Gastag to sense new gases.

6.2 Working Distance and Recovery Time
Tag-reader distance. In this experiment, we explore the
maximum reader-tag working distance. We increase the dis-
tance at a step size of 0.5 𝑚 and measure the gas concen-
tration at each distance. We take the maximum distance we
can still achieve a measurement error less than 30 𝑝𝑝𝑚 as
the maximum reader-tag working distance. The results are
shown in Fig. 24. We can see that Gastag can still achieve an
accurate sensing performance at a distance of 8.5𝑚. Note
that directly replacing one antenna part with the sensing
material results in a small working distance of 0.15𝑚. The
working distance of the original RFID tag without the gas
sensing function is around 6-8𝑚.

The recovery time of the sensing material. The recov-
ery time of the sensing material is critical as it determines
how oftenmeasurements can bemade. In this experiment, we
decrease the 𝐶𝑂2 concentration from 3000 𝑝𝑝𝑚 to 500 𝑝𝑝𝑚
very quickly (in a few seconds), and𝐶𝐻4 concentration from
1000 𝑝𝑝𝑚 to 0 𝑝𝑝𝑚 very quickly. We then start measuring
the concentration error every 30 𝑠 . When the measured error
becomes stable, we record the timestamp to calculate the
recovery time. The results are shown in Fig. 25. We can see
that the recovery time is around 3𝑚𝑖𝑛 for a full recovery.
Note that a full recovery takes a longer time. In real scenar-
ios, after we measure a 𝐶𝑂2 concentration of 3000 𝑝𝑝𝑚, it
takes less than 3𝑚𝑖𝑛 for the material to perform the next
measurement if the new concentration is 2000 𝑝𝑝𝑚. The
smaller the concentration difference between two adjacent
measurements, the less time it takes for the material to be
ready to make the next measurement. Note that when the
concentration is quickly changed within a short period of
time, the concentration is usually not evenly distributed and
it takes time (e.g., tens of seconds) for the concentration to
stabilize.

6.3 Performance under Different
Parameters

Performance in NLoS scenarios. To evaluate the perfor-
mance of Gastag in NLoS scenarios, we place different objects
between the tag and the reader, including a bill board (320 𝑐𝑚
× 240 𝑐𝑚 × 12 𝑐𝑚) and a paperboard (80 𝑐𝑚 × 55 𝑐𝑚 × 2 𝑐𝑚).
The experiment setup is shown in Fig. 17(d). The results are
shown in Fig. 26, we can see that the sensing error slightly
increases in NLoS scenarios with an average error below
11 𝑝𝑝𝑚 for 𝐶𝐻4, and below 13 𝑝𝑝𝑚 for 𝐶𝑂2. The slightly
increased error is due to the decreased signal strength.

Performance in different environments.We conduct
extensive experiments in three indoor environments includ-
ing an office, an underground garage (UG), and a hall. The
deployment setup is the same as that in the hall scenario de-
picted in Sec. 5. For each scenario, we measure the received
signal under different gas concentrations. The results are
shown in Fig. 27. We can see that Gastag can achieve an
average accuracy of 5 𝑝𝑝𝑚, 18 𝑝𝑝𝑚, 17 𝑝𝑝𝑚, and 11 𝑝𝑝𝑚, 26
𝑝𝑝𝑚, 25 𝑝𝑝𝑚 for 𝐶𝐻4 and 𝐶𝑂2, respectively. These results
demonstrate that Gastag performs well in environments with
different amounts of multipath.
Impact of reference tag position. To investigate the

impact of the reference tag’s position, we vary the distance
between the reference tag and the sensing tag from 2 to 10
𝑐𝑚 at a step size of 2 𝑐𝑚. Fig. 28 illustrates the estimation
errors under different distances, from which we see that
Gastag can achieve an estimation error below 5 𝑝𝑝𝑚 and
15 𝑝𝑝𝑚 for 𝐶𝐻4 and 𝐶𝑂2 when the distance is larger than 6
𝑐𝑚. When the distance is smaller than 6 𝑐𝑚, the estimation
errors become large. We believe this is due to the coupling
effect when the two tags are close to each other. We thus
select 6 𝑐𝑚 as the default distance between the reference tag
and sensing tag.

Impact of tag orientation. We now evaluate the perfor-
mance of Gastag under different tag orientations. We move
the glass box from 30◦ to 150◦ at a step size of 30◦ on a radius
of 2.5𝑚. Fig. 29 plots the results. We observe a similar estima-
tion error at different orientations for Gastag. The errors are
below 10 𝑝𝑝𝑚 and 16 𝑝𝑝𝑚 under all tag orientations. This is
because we adopt the twin-tag scheme so the polarization
mismatch due to orientation difference can be canceled out.
Therefore, Gastag is robust against tag orientation diversity.

Impact of temperature and humidity. We then eval-
uate the impact of temperature and humidity on the sys-
tem performance. We discover that when the temperature
reaches 50 °C, the system’s accuracy decreases by 19% for
𝐶𝐻4 and 16% for 𝐶𝑂2 compared to the accuracy at room
temperature (25 °C). Furthermore, when the humidity is 80%,
the accuracy decreases by 11% for 𝐶𝐻4 and 8% for 𝐶𝑂2 com-
pared to the accuracy at the humidity level of 20%. This is
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Figure 26: Impact of NLoS
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Figure 27: Impact of differ-
ent environments.
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Figure 28: Impact of refer-
ence tag position.
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Figure 29: Impact of tag ori-
entation.

Figure 30: Long-term real-time 𝐶𝑂2 monitoring.

because high-humidity and high-temperature also affect the
conductivity of the material which our system relies on for
gas concentration sensing.

6.4 Case Study
In this case study, we aim to monitor the concentration fluc-
tuation of 𝐶𝑂2 in an indoor environment over a long period
of time. We deploy three pairs of tags at different locations
in a living room. We also deploy commodity 𝐶𝑂2 sensors
near the tag to collect measurements as baseline results. The
detailed experiment setup is shown in Fig. 30(a). We monitor
the concentration of𝐶𝑂2 from 6 am of the first day to 6 am of
the next day. The doors and windows are closed throughout
the monitoring process. Fig. 30 shows the detailed concen-
tration over time. We can see that the concentration values
measured by the proposed systemmatch those obtained from
commodity gas sensors very well. We can further observe
that: 1) Different locations exhibit different concentration
fluctuations; 2) For most of the day, the 𝐶𝑂2 concentration
in the room is above 1000 𝑝𝑝𝑚, especially during morning
and afternoon hours. These results demonstrate the neces-
sity of monitoring the𝐶𝑂2 concentration in home and office
environments for the sake of our health.

7 RELATEDWORK
Related work falls in the following three categories.
Dedicated sensors for gas detection.Many dedicated

commercial sensors are available for gas sensing [9, 22, 38,
58]. The semiconductor sensors [38] utilize a semiconductor
material that reacts with the target gas, causing a change in

conductivity or resistance. The electrochemical sensors [58]
utilize chemical reactions to generate an electrical output
proportional to the gas concentration. Non-Dispersive In-
frared (NDIR) sensors [9] detect gases by measuring the light
intensity at a specific infrared wavelength. Photoionization
detector (PID) sensors [22] use ultraviolet (UV) light to ionize
gas molecules, generating a measurable current that indi-
cates the gas concentration. However, most of these sensors
require a power supply and are expensive. Consequently,
when it comes to large-scale deployment, these sensors im-
pose significant cost and maintenance burdens, making them
unsuitable for long-term gas monitoring on a large scale.
In contrast, Gastag uses cheap RFID tags as gas sensors to
achieve performance comparable to commodity sensors.
RF-based gas sensing. A lot of effort has been devoted

to using RF signals for gas sensing. For example, some early
studies [24, 34, 36, 60] leverage terahertz signals to detect
the presence and concentration of gases since many gas
molecules absorb energy in the terahertz band. However, ter-
ahertz equipment typically costs at least tens of thousands of
dollars [50]. Moreover, due to the high frequency, the sensing
range of terahertz signal is about tens of centimeters [27].
In contrast, an RFID reader costs $600-1200 and the sensing
range of RFID is a few meters. Another scheme [18] designs
a dielectric resonator coated with a𝑇𝑖𝑂2 thin film as its sens-
ing layer to sense gas in the millimeter-wave frequency band.
However, this work only presents simulation results without
conducting any real-life experiments.

Recently, some works have attempted to integrate sensing
materials into RFID tags to sense different gases [16, 17, 26,
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29, 30]. For example, Lee et al. [30] integrate gas-sensing ma-
terial into the RFID tag antenna to detect 𝐻2 gas. Ayesha et
al. [16] utilize a vector network analyzer to measure the
radar cross-section curve of tags for gas concentration sens-
ing. However, the system performance is only evaluated at a
single concentration level. In contrast, Gastag can measure
the concentration of gases in a wide range. Ajith et al. [29]
achieve coarse-grained gas sensing by measuring the min-
imum power required to make the tag readable which is
related to the gas concentration. However, the process of
measuring theminimumpower through gradually increasing
the transmission power is time consuming and troublesome.
Moreover, the above systems only have a very short working
distance, i.e., less than 1𝑚.
In conclusion, the previous works did not address the is-

sue of small sensing distance. Furthermore, some approaches
require dedicated devices such as a network analyzer as the
receiver. In contrast, Gastag transforms the RFID tag into
a gas sensor by quantifying the mathematical relationship
between gas concentration and signal phase variation with-
out compromising the tag-reader working distance. More-
over, Gastag uses commercial readers to perform gas sensing
and achieves high sensing accuracy in a large concentration
range. The working distance is significantly increased to 8.5
𝑚, making large-scale deployment possible.

RFID-based sensing. RFID technology has been investi-
gated in many sensing applications, e.g., localization [54, 56],
activity and gesture recognition [12, 48], and target material
identification [15, 55, 61]. For example, FaHo [62] uses radio
frequency holograms to locate RFID tags. Grfid [64] per-
forms accurate and robust gesture recognition by developing
a weighted DTW method. RIO [43] employs tag coupling
effect to sense touch gestures. Tagscan [55] and Tagtag [61]
utilize tags to perform material recognition. Recently, some
works have tried to utilize RFID tags to sense humidity and
temperature [42, 44, 51, 52]. Radislav et al. [42] utilize a net-
work analyzer to sense humidity with a sensing distance
smaller than 50 𝑐𝑚 and the signal frequency is 13.56 𝑀𝐻𝑧.
Our work focuses on gas sensing which is more challeng-
ing and the achieved sensing distance (8.5 𝑚) is orders of
magnitude larger. Ju et al. [51] embed dedicated sensors (e.g.,
temperature sensors) in the tag, and the sensing capability
of this system directly comes from the sensors employed.
Our work turns the whole RFID tag as a gas sensor through
quantifying the mathematical relationship between gas con-
centration and signal phase variation. Compared to these
systems, gas sensing with wireless signals is more difficult.
This is because the signal variation caused by gas concentra-
tion change is much smaller. Gastag thus combines material
science and wireless sensing technology to achieve long-
range fine-grained gas sensing for the first time.

8 DISCUSSION
Cost and Scalability: The cost of the proposed tag is around
50 cents. The relatively high cost of an RFID reader can
be well amortized by simultaneously working with many
tags (e.g., 10-20 tags). On the other hand, a typical 𝐶𝑂2/𝐶𝐻4
commodity sensor costs around $100-500. To enhance the
scalability, a single reader can be connected to multiple an-
tennas to further increase the number of tags connected to
the reader [53]. Moreover, by placing the reader on a moving
robot, we can further expand the working range and enable
large-scale deployment. A similar robot-based strategy has
been widely adopted in libraries for scanning books [33].
While some low-cost air quality monitoring solutions [8]
can be deployed at scale, the accuracy is not high and they
usually only provide a warning when the gas concentration
exceeds a specified threshold rather than providing fine-
grained concentration measurements. Some of these sensors
also require frequent calibration to achieve stable results [7].
Durability and Maintenance: The durability of gas-

sensitive materials can be affected by high temperature and
high humidity. Under the extreme conditions (i.e., a temper-
ature of 50°C and an air humidity of 100%), the designed
material can last for around 6 months and it can last much
longer in normal conditions.
Selectivity and Sensing Multiple Gases: There is a

trade-off between selectivity and sensing multiple gases with
one material. Some materials can be used to sense multiple
gases. However, this causes problems when we have no idea
of the gas type. So it is preferred onematerial is only sensitive
to one particular gas. As the tag cost is low, we can employ
multiple tags, each targeting one particular gas.

9 CONCLUSION
In this paper, we present the design, implementation, and
evaluation of Gastag. The key idea of Gastag is to replace a
small part of the RFID tag antenna with carefully designed
synthetic material to achieve accurate gas sensing in a large
concentration range. Delicate tag antenna design is proposed
to address the issue of sharp working distance drop. Through
both theoretical analysis and experiment evaluation, we
demonstrate the effectiveness of the proposed system in
real-world settings.
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