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Abstract—This paper presents a novel temperature sensor tag 
for passive UHF RFID systems and discusses a method to 
perform measurements in practice. The developed sensor tag is 
fabricated from cost-efficient and commercially available 
materials. Distilled water is used as the temperature sensitive 
material instead of the more traditional semi-conducting 
materials. The tag is fabricated on a FR-4 substrate which 
provides a rigid backing for the tag. The sensor can be 
constructed with a commercial passive UHF RFID IC. The 
temperature sensor tag’s measurement range spans from a 
theoretical low of 0 up to over 74 ˚C. The read range of the tag, 
in free space, is over 7 metres.  

Keywords; Distilled water, Temperature, Sensor, RFID, 
UHF, Passive 

I.  INTRODUCTION 
Radio frequency identification (RFID) technology in the 

ultra high frequency (UHF) band is currently being utilized 
for identification and tracking of various goods [1]. 
However, UHF RFID technology possesses enormous 
growth potential in the area of ubiquitous computing and 
sensing applications. This potential could be realized by 
integrating various sensors, such as temperature, humidity 
and acceleration sensors, to passive RFID tags. 

One critical application area where such sensing UHF 
RFID technology could be used to increase product safety 
and quality is in the monitoring of cold chains of goods. In 
this application, passive UHF RFID temperature sensors 
could be used to track the environmental temperature during 
warehousing and transportation and notify the user if the 
ambient temperature has exceeded a certain threshold [2].  

On the other hand, passive UHF RFID sensors could be 
used to improve energy efficiency in home and industrial 
applications by monitoring mixed process parameters. The 
information provided by the sensor tag(s) could be 
interpreted by the system controlling the process, e.g. 
heating, and thus optimize its adjustments for energy 
efficiency [3-4]. 

Temperature sensing is a key element in the previous 
application fields and it has led to many realizations of 
passive UHF RFID temperature sensors by various 

researchers. These past realizations can be grouped into two 
sub-categories.  

The first category consists of passive temperature sensors 
integrated into an RFID integrated circuit (IC) [5-6]. This 
approach removes the need for any external sensor 
component, eases the assembly of a sensor tag and provides 
savings in the manufacturing costs if mass-produced. Most 
importantly, these integrated sensors are able to output their 
data digitally, thus maximizing the accuracy of the sensing.  
However, the commercialization of such RFID ICs has not 
begun and most IC designs are still in the prototyping stage. 
This would seem to indicate that it will take some years for 
such sensor designs to become commercially available. 

The second category is formed by passive UHF RFID 
temperature sensor tags, which are equipped with an 
external sensor element. In this approach, researchers have 
integrated external sensor elements such as mechanical 
structures [7] or shape-memory alloys [8]. These kinds of 
sensor tags are able to utilize commercial RFID ICs and 
because they have no additional temperature sensing 
electronics they usually possess long read ranges. The 
drawback is the high cost of sensing materials and the 
complexity of the tag structure. The interpretation of 
information from such external sensors is slightly more 
complicated than the use of fully integrated sensor devices. 
The sensor readout has to be made indirectly by monitoring 
changes in the tag’s backscattered power, electronic product 
code (EPC) or threshold power i.e. the transmit power 
needed to activate the tag. 

In this paper we present a totally passive UHF RFID 
temperature sensor, which utilizes an external sensor 
component. Commercially available materials have been 
used innovatively to achieve a well-functioning temperature 
sensor. The sensing element in the tag consists of distilled 
water in a plastic casing. The use of pure water allows 
temperature measurements ranging from 0 ˚C to 
approximately 100 ˚C. Distilled water is also a cost-efficient 
and environmentally safe temperature sensing material.  The 
sensor tag can be used to monitor both air and item 
temperatures without any modifications to its geometry. 
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This paper describes the structure of the sensor tag, its 
temperature sensing principle, discusses the method of 
making temperature measurements in practice and presents 
results from numerical experiments and measurement 
results from the temperature sensitivity and response time 
characterizations. 

II. TAG STRUCTURE 
The temperature sensor tag is composed of three main 

components: the RFID IC, the tag antenna and the 
temperature sensing element. The sensor tag was developed 
and optimized using HFSS 12 from Ansoft.  

The layout of the temperature sensor is presented in Fig. 
1. The overall footprint of the sensor tag is 96 mm by 32 
mm.  

 
Figure 1. Layout of the passive temperature sensor tag. The water pocket is 
placed on the area designated in the figure. 

The RFID IC used in the sensor tag is the Higgs 3 from 
Alien Technology. Higgs 3 is a passive EPC Gen2 
compatible RFID IC with a sensitivity of -18 dBm [9].  The 
internal memory of the Higgs 3 IC contains a unique 96-bit 
EPC code, which is used for identification purposes. This 
unique code allows the use of multiple temperature sensors 
to be placed within the interrogation zone of a single reader 
device. The IC is attached to the tag antenna using 
conductive epoxy resin.  

The tag antenna is a short dipole made of 35 µm thick 
copper and it enables omni-directional operation in the H-
plane, the plane perpendicular to the dipole axis. The 
drawback of this antenna type is its low gain. The gain of 
the tag antenna and the sensitivity of the IC limit the read 
range i.e. operational range of the sensor tag. However, read 
ranges of over 7 metres are achievable through careful 
antenna design. One millimetre-thick FR-4 substrate was 
selected as the antenna platform due to its low cost and 
rigidness. If higher read ranges are desired the substrate can 
be easily replaced with a low-loss alternative. 

The sensing element consists of distilled water which is 
encased within a plastic container. The dimensions of the 
container are 30 mm by 28 mm, with a thickness of 2 mm. 
The water pocket is placed firmly on top of the impedance 
matching network, which matches the input impedance of 
the RFID IC to the impedance of the tag antenna.   

III. DISTILLED WATER AS A TEMPERATURE LEVEL 
INDICATOR 

The electrical properties of water are closely related to 
temperature: the complex relative permittivity ε of water is a 
function of temperature [10] 

, , , ,   (1) 

where f is frequency and T is the temperature of the water. 
From (1) one can see that the relative permittivity of water 
is also a function of frequency, however, the effect of 
frequency on ε is negligible at the UHF RFID frequency 
bands. Table I shows the experimental results from [10] for 
the permittivity of water at different temperatures.  

TABLE I.  THE PARAMETERS OF THE DEBYE SPECTRAL RELAXATION 
FUNCTION (2) FOR DISTILLED WATER 

T [˚C] ε(0) ± ∆ε(0) ε(∞) ± ∆ε(∞) τ ± ∆τ [ps] 

-4.1 89.25 ± 0.2 5.9 ± 0.3 21.10 ± 0.2 

0 87.91 ± 0.2 5.7 ± 0.2 17.67 ± 0.1 

5 85.83 ± 0.2 5.7 ± 0.2 14.91 ± 0.1 

10 83.92 ± 0.2 5.5 ± 0.2 12.68 ± 0.1 

20 80.21 ± 0.2 5.6 ± 0.2 9.36 ± 0.05 

30 76.56 ± 0.2 5.2 ± 0.4 7.28 ± 0.05 

40 73.18 ± 0.2 3.9 ± 0.3 5.82 ± 0.05 

50 69.89 ± 0.2 4.0 ± 0.3 4.75 ± 0.05 

60 66.70 ± 0.2 4.2 ± 0.3 4.01 ± 0.05 

 
Using the data from Table 1, the complex relative 

permittivity of water at any frequency and temperature can 
be calculated using a Debye spectral relaxation function 
[10] 

  ∞  ,  (2) 

where ε(0) is the low and  ε(∞) the high frequency relative 
permittivity, τ stands for the relaxation time. Figure 2, drawn 
using (2), shows the real relative permittivity and the loss 
tangent of distilled water at 900 MHz as a function of 
temperature.  

 
Figure 2. The electrical properties of distilled water at 900 MHz. 

 At the UHF RFID band from 860 MHz to 960 MHz the 
permittivity of distilled water changes linearly which makes 
it an excellent temperature sensing material. The losses in 
distilled water are also quite low. 
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IV. THE OPERATION PRINCIPLE OF THE TEMPERATURE 
SENSING  

The temperature-sensing using distilled water is achieved 
by placing the water close to the impedance matching 
network situated between the tag antenna and the IC. The 
varying electrical properties of the water will then alter the 
operation of the RFID tag itself throughout the impedance 
matching network.  

The impedance matching network of the sensor tag 
consists of meandered lines as well as a T-matching network 
[11]. Impedance matching is needed as the output impedance 
of a dipole is complex, usually slightly capacitive, and the 
input impedance of a typical RFID IC is also complex, 
highly capacitive due to the use of internal capacitors. The 
power transfer theorem dictates that to achieve the highest 
power transfer between complex impedances, the load 
impedance should be the complex conjugate of the source 
impedance.  Thus, the purpose of the impedance matching 
network is to transform the capacitive antenna impedance to 
the conjugate of the IC input impedance [12].  

The meandering in the impedance matching network 
forms parallel stray capacitance and inductance within the 
structure. The stray electrical field between parallel lines 
extends upwards from the conductor surface. By placing the 
water pocket on top of the meandering lines one can control 
the impedance matching by varying the temperature of the 
water: as the temperature changes, the permittivity of the 
water changes, leading to varying capacitance in the 
meandering line. Thus, the power transfer between the IC 
and the tag antenna is a function of ambient temperature.  

The temperature-dependent power transfer between the 
tag antenna and the RFID IC can be described as [13] 

τ ,                          (3) 

where Pc is the amount of power absorbed by the IC and Pa 
is the maximum available power from the tag antenna. τ(T) is 
the temperature dependent power transmission coefficient 
given by 

τ
| |

, 0 τ 1,   (4) 

where Rc and Ra are the resistances of the IC and the tag 
antenna, Zc is the impedance of the IC and Za(T) is the 
temperature dependent impedance of the tag antenna. The 
power transmission coefficient reaches its maximum when 
Zc=Za

*. As the ambient temperature changes the impedance 
of the tag antenna is changed, and thus the power transfer 
between the IC and the antenna, due to the vicinity of the 
water.  

The alternating power transfer between the IC and the tag 
antenna causes the realized gain of the tag antenna to change 
according to ambient temperature. The temperature-
dependent realized gain Gr (T) of the sensor tag is given by 

,    (5) 

where rad is the radiation efficiency and D is the directivity 
of the tag antenna. 

In the actual measurements, which will be performed 
with UHF RFID tag measurement equipment, the ambient 
temperature level is determined by measuring the power-on-
tag Pon-tag of the tag. Power on tag is the activation power that 
would be acquired at the location of the tag with a perfectly 
matched 0 dBi antenna. Therefore, power-on-tag can be 
considered as the sensitivity of the tag. The power-on-tag of 
the sensor is also a function of ambient temperature as it is 
affected by the realized gain of the tag antenna. The 
temperature dependent power-on-tag Pon-tag(T) of the sensor 
is given by 

 ,     (6)    

where Lfwd is the path-loss between the tag and the reader, 
containing the gain of the reader antenna and the cable and 
polarization losses, PTS is the transmit power at the antenna 
port needed to activate the tag, PIC is the sensitivity of the 
RFID IC and Gr(T) is the temperature-dependent realized 
gain of the tag antenna. 

As the ambient temperature changes, the measured 
power-on-tag of the sensor also changes. The power-on-tag 
of the sensor experiences a level as well as a frequency shift 
when measured at different temperatures. The key is to find 
the relation between the changes in the power-on-tag level 
and/or frequency shift and the ambient temperature. In the 
following section we propose a method to perform 
temperature level measurements using the developed sensor 
tag. 

V. MEASUREMENT OF AMBIENT TEMPERATURE LEVEL 
IN PRACTICE  

In practice the ambient temperature level will be 
measured using a set of two RFID tags together: one acts as 
the sensor while the other serves as a stable reference. At this 
stage of the research, the reference tag has not been 
developed yet.  

The sensor and the reference tags will be placed close to 
each other and special care will be taken to minimize the 
mutual coupling between the tags. Together these tags form 
the actual sensor tag, which can be used to monitor air and 
object, e.g. wall, temperatures.  

The ambient temperature is obtained by measuring the 
difference between the power-on-tag readings of both tags. 
The reference tag is required by the measurement system to 
allow measurement of the path loss Lfwd. The path loss is 
measurable as the system knows the exact sensitivity of the 
reference. The power-on-tag of the reference is unaffected by 
temperature, while the power-on-tag of the sensor is a 
function of temperature. Figure 3 presents an example of the 
measured power-on-tag curves during temperature level 
testing.   

In the proposed method, the frequency points of lowest 
power-on-tag levels are extracted from both curves and the 
frequency difference between them is calculated. The 



frequency difference is linked to an ambient temperature 
level using temperature sensitivity ST, which is a key 
property of the sensor.  

The temperature sensitivity ST indicates how much 
frequency difference is generated between the reference and 
the sensor power-on-tag curves as the ambient temperature 
rises to a certain level. The value of ST is obtained through 
characterization conducted at controlled temperatures. 

 
Figure 3. An illustration of the resulting power-on-tag curves during a 
temperature measurement. 

During the characterization, the sensor is exposed to 
various temperature levels and the resulting power-on-tag 
results are measured. The next step is to extract the 
frequency points of lowest power-on-tag levels from the 
measured results. The temperature sensitivity ST is then 
obtainable by calculating the frequency difference generated 
between the measurement points at various temperatures 

∆
∆

 ,  (7) 

where fpwr1 and fpwr2 are the frequency points of lowest 
power-on-tag level at known ambient temperatures T1 and T2 
respectively. The temperature sensitivity can be assumed to 
be linear due to the electrical properties of water. 

After the temperature sensitivity of the sensor is known, 
the ambient temperature T can be acquired as follows 

∆ ,   (8) 

where ∆fM is the measured frequency difference between the 
measured frequency points of lowest power-on-tag of the 
reference and the sensor. Tref stands for the ambient 
temperature indicated by zero difference in the measured 
frequency points. The reference tag is designed to exhibit its 
lowest power-on-tag at the same frequency as the sensor 
during an ambient temperature of Tref. Note that Eq. (8) 
assumes that the reference tag is designed to operate at a 
higher frequency than the sensor tag. 

The reason for monitoring the absolute frequency 
difference is that surrounding materials will detune the tag 

antennas. The amount of frequency offset is dependent on 
the material’s electrical properties. The use of the absolute 
frequency difference should counteract this to a certain 
degree as both tags will experience roughly the same effect.  

A reference tag suitable for integration with the sensor 
tag will be developed in future research.  

VI. TEMPERATURE SENSITIVITY CHARACTERIZATION 
This section presents the results from measurements 

performed in an anechoic chamber to extract the temperature 
sensitivity ST of the developed sensor tag.  

Tagformance, manufactured by Voyantic Ltd., is a UHF 
RFID tag performance measurement system used here to 
perform the power-on-tag sweeps. The core functions of  
Tagformance are handled by a vector signal analyzer. 
Tagformance is Gen2 compatible and is able to perform 
transmit power and frequency sweeps ranging from 800 
MHz to 1 GHz. 

Tagformance comes with a reference tag, which allows it 
to perform power-on-tag measurements throughout 
calibration. The calibration is performed at the beginning of 
measurements. In this process, the reference is placed in the 
location where the actual tag under test will be placed. By 
knowing the electrical properties of the reference 
Tagformance is able to measure the path loss Lfwd between 
the reader antenna and the reference.  

To obtain the temperature sensitivity of the sensor tag, 
the sensor was exposed to various air temperatures ranging 
from 8 ˚C up to 92 ˚C. Five consecutive power-on-tag 
sweeps ranging from 840 MHz to 940 MHz were performed 
at each temperature level to minimize measurement 
uncertainty. The ambient temperature level was measured 
using an infra-red thermometer from the surface of the water. 
The temperature measurement was also performed five 
times. Figure 4 shows some of the measured power-on-tag 
curves of the sensor tag at different air temperatures. These 
curves present the average of five power-on-tag sweeps 
performed at each air temperature. 

 
Figure 4. An example of the measured and averaged power-on-tag curves 
at different air temperatures. 
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The sensor tag’s measured power-on-tag does not 
exhibit any single unambiguous frequency point of lowest 
power-on-tag. Instead, the measured power-on-tag usually 
appears almost constant in the vicinity of the centre 
frequency of the lowest power-on-tag. This is due to the 
power step resolution limitations. The change in the tag’s 
power-on-tag level close to the actual point of best 
operation, i.e. at the lowest power-on-tag level, is less than 
0.1 dB, which is below the measurement resolution of our 
system.  

To counteract this, MATLAB® is used to find the 
unambiguous frequency point of the lowest measured 
power-on-tag fpwr. First, a search is made for all measured 
frequency points which satisfy the following condition 

min ,   (9) 

where y is a constant, whose value ranged from 0.1 to 5. The 
purpose of y is to diminish any effects of possible random 
measurement errors in the power-on-tag level. The custom 
MATLAB® routine optimizes the value of y to produce the 
lowest standard deviation in the readings. The unambiguous 
frequency point of lowest power-on-tag is found from the 
mean of the frequency points satisfying (9).  

This method is true as long as it is assumed that the 
unambiguous frequency point of lowest power-on-tag is 
found from the centre point of the valley in the measured 
power-on-tag. This assumption is true based on the 
simulated realized gain of the tag. 

Table 2 presents the obtained frequency points of lowest 
power-on-tag levels fpwr at each measured temperature point 
T. 

TABLE II.  MEASUREMENT RESULTS AND THEIR STANDARD 
DEVIATIONS 

Air 
temperature T 

[˚C] 

Standard 
deviation in 

T [˚C] 

Frequency point of 
lowest power-on-tag 

fpwr [MHz] 

Standard 
deviation 

in fpwr 
[MHz]

7.90 0.32 861.600 0.446 

22.92 0.13 871.500 0.001 

31.18 0.08 877.225 0.050 

36.62 0.21 881.100 0.022 

42.90 0.14 886.020 0.045 

49.40 0.26 890.920 0.342 

65.96 0.29 903.140 0.054 

74.10 0.35 909.640 0.089 

 

Figure 5 presents the obtained frequency points of lowest 
power-on-tag levels as a function of air temperature. Figure 5 
contains also a weighted least-square (WLS) fitted curve of 
the measurement data. The weighting is done using the 
inverse variances of the obtained frequency points.  

 
Figure 5. Temperature sensitivity of the tag. 

The WLS-fitted line is given by 

0.7295 854.7220 ,       (10) 

where the standard deviations are 0.0075 MHz and 0.2201 
MHz  for the slope and intercept. 

The slope of the WLS-fitted line for the frequency point 
of lowest power-on-tag at temperature T is the measured 
temperature sensitivity ST 

729.5 7.5
˚

 .  (11) 

According to the measured data, the frequency point of 
the lowest power-on-tag fpwr of the sensor shifts 
approximately 730 kHz as the ambient temperature raises 1 
˚C. The inverse of ST can be used to evaluate ambient air 
temperature using the method described in section 5.  

Assuming that the frequency points of lowest power-on-
tag contain an average uncertainty of ±0.1311 MHz and with 
the uncertainty of ST, the total uncertainty of the temperature 
measurement is within ±0.4913 ˚C. 

The low and high-end of the temperature range 
measurable by the sensor has not yet been studied. The 
sensor should be able to measure temperatures close to zero 
Celsius due to the freezing point of pure water. Cooler 
temperatures might be measurable by adding salt or ethanol 
to the water. However, this comes at the cost of increased 
losses and a shorter operating range. High-end temperature 
range is limited by water boiling point. 

VII. RESPONSE TIME EVALUATION 
The response time of the sensor tag was evaluated by 

moving the sensor from T1=33 ˚C to an ambient air 
temperature of T2=58 ˚C at t1=0 min. The sensor tag was 
held in still air. After the sensor was exposed to temperature 
T2, consecutive power-on-tag sweeps were performed. 
Figure 6 shows the frequency points of lowest power-on-tag 
levels as a function of exposure time.  ∆fM stands for the 
absolute frequency difference between the frequency points 
of lowest power-on-tag readings. 

0 20 40 60 80 100
850

860

870

880

890

900

910

920

930

Ambient temperature [ °C]

Fr
eq

ue
nc

y 
po

in
t o

f l
ow

es
t p

ow
er

-o
n-

ta
g 

[M
H

z]

 

 
Measured data
WLS-fitted approximation



 
Figure 6. Response time of the sensor. 

The response of the sensor can be defined as the time 
required for the ∆fM to reach 90 percent of its final reading. 
The response time Tr of the sensor from Fig. 6 is  

∆ %
∆

. 16 .  (12) 

According to (12) it takes 16 seconds for the sensor to 
react to a change in air temperature of 1 Celsius degree. 
Equation (12) is valid only in still air conditions. When air 
flow is present the response time will be decreased. 

VIII. SENSOR TAG READ RANGE 
The free space read range of the sensor i.e. maximum 

operating range at 872 MHz, in 23 ˚C, is presented in Fig. 7. 
The maximum read range of 7.5 metres will vary by 
approximately  ± 0.5 metres depending on the ambient 
temperature. 

 
Figure 7. Read range versus observation angle of the sensor tag in metres in 

free space. 

In practice, the read range of the sensor will be 
shortened by a few metres as any obstacles such as a wall 
between the tag and the reader will cause attenuation. 

IX. CONCLUSIONS AND FUTURE WORK 
In this paper we have presented a novel cost-efficient 

fully passive temperature sensor tag for UHF RFID systems. 
Distilled water acts as the temperature-sensing material, 
allowing temperature measurements from 0 ˚C up to nearly 
100 ˚C. The sensor was characterized in terms of 
temperature sensitivity and response time. According to our 

measurements, the temperature sensitivity and operation 
range of the tag are sufficiently high to produce accurate 
temperature measurements in many applications, such as in 
cold chain supervision. Additionally, the response time of 
the sensor was found to be comparable to the response time 
of commercial temperature sensor devices.  

Future work will address the low and high-end 
temperature range measured by the sensor and the 
development and integration of the reference tag.  
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