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Abstract 

Cultural heritage objects and artefacts are precious objects owned by museums and 

archives, which are generally old and fragile. Often, such objects are stored in 

climatically uncontrolled storage areas, particularly inside sealed archive boxes and 

storage crates. Such storage practices can lead to significant degradation of valuable 

artefacts. Implementing air conditioning and heating, ventilation, and air 

conditioning (HVAC) systems constitutes a highly technical conservation challenge 

that often cannot be financially justified, especially for small and medium-sized 

museums. Commercially available environmental sensors, such as hygrometers and 

wireless data loggers are known for monitoring microenvironments in museums. 

However, these devices are unsuitable for integration within museum storage boxes 

because these sensors are either too large or expensive. For example, the Testo 

series 160TH data logger can be used for monitoring temperature and humidity in 

museum environments but the cost is significant at approximately €245. Another 

critical disadvantage associated with monitoring the inside microenvironments of an 

archive box using a hygrometer is the necessity to open the box for the analysis. A 

key disadvantage of existing methods is the interference caused to the internal 

microclimate. 

This thesis presents the development of both short-range and long-range wireless 

sensor platforms that monitor the microclimatic environment inside museum 

artefact storage boxes. The short-range wireless communication platform focuses on 

developing a battery-less near-field communication (NFC) sensor transponder with a 

wireless communication range of several centimetres. On the other hand, the long-

range communication platform development involves the selection and 

implementation of optimum wireless communication technology to yield a wireless 

communications range of 100 metres to several kilometres and which is scalable 

according to the large number of artefacts that may need to be monitored.  

In the first contribution, for the first time, a smart museum archive box that features 

fully integrated wirelessly powered temperature and humidity sensing capabilities is 

developed and demonstrated.   
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The developed NFC sensor transponder has been optimized for low power operation 

using voltage and frequency scaling techniques with a measured peak DC power 

consumption of 597 μW while yielding a 5 cm wireless communication range. The 

achieved power consumption is 33.6 % lower in comparison with the current state-

of-the-art in this area. In addition, the developed battery-less NFC sensor 

transponder can wirelessly measure temperature and relative humidity with a mean 

error of ± 0.37 ◦C and ± 2 %, respectively, over a maximum distance of 5 cm.  

In addition, a battery-less NFC humidity sensor prototype is developed and 

demonstrated using laser-induced graphene (LIG) electrodes and a graphene oxide 

(GO)-based humidity sensor. Furthermore, the feasibility of enhancing the wireless 

communication range of the NFC sensor transponder is explored. This is achieved by 

powering the transponder electronics using energy harvested from a vibrational 

energy harvester. A maximum wireless communication range of 11 cm is achieved in 

free space, which is 120 % beyond the state-of-the-art reported in the literature. 

Finally, the developed battery-less NFC sensor transponders were deployed in Cork 

Public Museum, Cork, Ireland and Fondazione Scienza e Tecnica (FST) in Florence, 

Italy to monitor artefacts in these museums. In addition, the transponder was also 

deployed in the world-famous Guggenheim museum in Venice, Italy, to monitor the 

interior temperature and humidity of Andy Warhol’s painting entitled flowers.  

In the second contribution, the optimum wireless communication technology for 

museum artefact monitoring applications in warehouses and exhibition cabinets was 

identified. For the identified technology (LoRaWAN), a testbed network was 

developed and deployed (7 sensor nodes) as proof of concept at Cork Public 

Museum, Cork, Ireland, to monitor the interior temperature and humidity of artefact 

display cases and storage cabinets. The wireless communication performance of 

LoRaWAN is shown to offer the optimal solution for wireless communication for this 

long-range application with a measured packet delivery ratio of 0.994 and an 

estimated battery lifetime of 10 years, considering a duty cycle of 1 data packet per 

day.  
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The outcomes of this thesis contribute to the advancement of museum artefact 

monitoring, battery-less NFC sensing state-of-the-art for short-range storage 

analytics and a LoRaWAN solution for long-range analysis of warehouse cabinets and 

exhibitions.  
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Chapter 1:  Introduction 

The last few years have witnessed a significant advancement in battery-less, wireless 

sensing devices due to the increasing number of Internet of Things (IoT) applications. 

Many of these applications require low or no maintenance cost and not create an 

adverse environmental impact [5]. In addition, the advancement in low to ultra-low 

power electronics and sensors has steered the rapid growth of battery-less, wireless 

sensing devices, particularly those based on radio-frequency identification (RFID) and 

near field communication (NFC) technology. Recently for instance, the market for 

NFC technology has increased significantly due to the incorporation of NFC reader 

capability within smartphones [5]. At present, NFC technology not only enables 

consumers to carry out payments, but also enables the passive wireless 

measurement of multiple disparate parameters, including soil moisture monitoring 

[6-8], fruit quality measurement [9, 10], long-term building structural health 

monitoring [11, 12], gas monitoring (ammonia, CO2, oxygen) [13], and environmental 

parameter monitoring [14, 15] to name a few.  

The inclusion of NFC technology in smartphones enables not only wirelessly power 

sensing devices but also allows on-call sensor data acquisition and frictionless data 

migration from the edge to the cloud. NFC integration in smartphone results in a cost 

reduction for the NFC sensor transponders, which paves the way for a number of 

low-cost, battery-less and short-range applications such as museum artefact 

monitoring, which is the key focus of this research.  

1.1 Motivation for this Work  

The degradation rate of stored museum artefacts, such as cultural heritage (CH) 

objects and artefacts can speed up considerably due to exposure to unstable climatic 

conditions and environmental pollutants [16]. For example, historic papers and 

documents containing iron gall ink are prone to deterioration when exposed to 

temperature fluctuation of ± 5 °C and relative humidity fluctuations of ± 10 % [17-

19]. The majority of precious documents and artefacts owned by museums and 

archives are often stored in climatically uncontrolled storage areas and in museum 

building basements for example.  
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The implementation of modern air conditioning systems and heating, ventilation and 

air conditioning (HVAC) systems constitutes a highly technical conservation challenge 

in itself that often cannot be financially justified, especially for small and medium-

size institutions.  

The ability to monitor the microclimatic environmental conditions in a museum 

setting is a key enabler and an important tool for preventive conservation, even in 

climatically controlled areas. However, the microclimatic environmental parameters 

such as temperature and relative humidity for artefacts stored in archive boxes (also 

referred to as an artefact storage box) can differ significantly from that of the 

external environment due to the intrinsic water content of stored materials within 

the archive box. A common and legitimate concern of conservators therefore is the 

often-unknown temperature and relative humidity levels within the enclosures 

themselves that are used to house valuable artefacts [1]. Therefore, there is a need 

to monitor the effective interior microclimates in sealed archive boxes. The ability to 

record real-time measurement of these local temperature and humidity parameters 

can provide museum owners with the opportunity to act quickly and prevent 

degradation of valuable artefacts due to shrinkage or mould growth for example. 

Commercially available hygrometers or data loggers and other environmental 

monitoring devices are well known for monitoring microenvironments in museums, 

during transport of artefacts, or inside storage or display rooms [16, 20]. However, 

these commercially available solutions are not always suitable for integration into a 

large number of museum archive boxes because they are either too large or too 

expensive [21]. Additionally, the storage box needs to be physically opened to enable 

the reading of sensor data and any required maintenance, such as the changing of 

batteries. This in itself may cause artefact degradation by introducing contaminants 

when opening the box.  

To the best of  the author’s knowledge, there are no convenient cost-effective (< €5 

per sensor device), battery-less wireless solutions available to solve the above 

problem in this application domain at the present time [1].  
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The challenges with current state-of-the-art low-cost, battery-less NFC sensor 

transponder for museum artefact monitoring are summarized below: 

 The harvested DC power consumption of the NFC sensor is defined as the DC 

power consumption of the sensor while operating with harvested RF power 

from the reader. For battery-less NFC sensor transponders reported in the 

literature, the harvested DC power consumption for these sensors is mostly 

greater than 1.5 mW [7, 9, 10, 22-27]. The wireless communication range for 

the battery-less NFC sensor transponder also depends on factors such as 

reader RF transmit power, NFC antenna size and coupling coefficient between 

the NFC reader and transponder antennas. However, these additional 

parameters are not investigated in this research work.  

 The wireless communication range of NFC sensor transponders, specifically 

those including a microcontroller as a data processing unit, has been reported 

to be less than 3 cm with NFC-enabled smartphone as a reader [7, 9, 10, 22-

31]. However, as discussed in Chapter 3, the wireless communication range 

requirement for the intended application is 4 cm. Therefore, there was a need 

to develop a new battery-less NFC sensor transponder with greater wireless 

communication range.  

 Commercial NFC sensor transponders have a limited operational life of 

approximately 3 years because of the limited battery lifetime [32], which does 

not meet the requirement of the intended application (discussed in Chapter 

3). In addition, only a limited number of the reported solutions support 

battery-less operation [33, 34] and are not optimized for low-cost 

applications [32-36].  

 NFC sensor transponder integration within archive boxes without using any 

adhesive is also one of the key design challenges.  

The above-discussed challenges signify the need to develop a new battery-less NFC 

sensor transponder and integrate it within an artefact archive box to sense interior 

temperature and relative humidity without opening the box.  
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1.2 Aim and Objectives 

The aim of this thesis is to address the aforementioned research challenges and 

develop a novel low power, battery-less NFC sensor transponder with improved 

wireless communication range when compared with the literature.  

 

Figure 1.1: Illustration of artefact monitoring using an NFC sensor (Fig.1 of [1]). 

In addition, this research also aims to integrate an NFC sensor transponder within an 

archive box that features fully-integrated wireless powered temperature and 

humidity sensing capabilities. The archive box featuring all the above-mentioned 

features is referred to as a smart archive box.  

Figure 1.1 illustrates the proposed solution for artefact storage monitoring using a 

novel, battery-less temperature and humidity sensor that is NFC-powered using a 

standard smartphone. The NFC sensor is integrated directly within the archive box 

itself as shown in Figure 1.1. In addition, the smartphone is used to wirelessly transfer 

the measured data to the cloud for further analysis and processing, using a dedicated 

smartphone application.  

This proposed solution enables conservators to monitor microenvironments within 

the enclosure to help protect the contents. For example, monitoring at regular 

intervals via the proposed approach makes it possible to identify increased interior 

humidity levels at an early stage. This can facilitate the timely de-humidification of 

the enclosure or even the simple movement of the enclosure to an alternative 

location in the storage area that has improved air circulation.  
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Figure 1.2: Illustration of stored artefact monitoring using LoRaWAN (Fig. 1 of [4]). 

The proposed “smart” archive box leads to additional advantages such as low 

maintenance cost, long-term, and intelligent sensing solutions for museum artefact 

preservation, storage and monitoring. In addition, this thesis also aims to select a 

suitable wireless communication technology for museum artefact monitoring in case 

where the implementation of battery-less NFC sensor technology is not viable; for 

example, monitoring of museum artefacts that are stored in wooden storage crates 

(see Figure 1.2) which feature a wall thickness of greater than 5 cm. In this case, the 

wooden storage crate wall thickness is greater than the wireless communication 

range of the battery-less NFC sensor transponder, so making use of the NFC sensor 

transponder is not possible in this instance. The wireless monitoring of museum 

artefacts that are stored in museum storage facilities using long-range wide-area 

network (LoRaWAN) is shown in Figure 1.2  and is also discussed in Chapter 5. 

The main objectives of this thesis work are as follows: 

 Develop embedded hardware and firmware for a battery-less NFC sensor 

transponder with the aim of reducing the harvested DC power consumption 

and improving the wireless communication range of the transponder to at 

least 4 cm. 
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 Characterizing the performance of the proposed NFC sensor transponder 

through measurement and experiments. 

 Integrating the developed NFC sensor transponder into archive boxes using 

adhesive-less packaging solutions to avoid contamination of the atmosphere 

inside the box. 

 Achieving the minimum required wireless communication range of 4 cm as 

defined in the user requirements by stakeholders including museum 

conservation scientists, conservators and museum archive box 

manufacturers (discussed in Chapter 3). 

 In addition, this thesis also explores the feasibility of wireless communication 

range enhancement of the NFC sensor transponder by assisting the 

transponder with a vibrational energy harvester (VEH) to power the sensor 

electronics for IoT applications. 

 This thesis also explores the feasibility of integrating a custom, highly 

sensitive humidity sensor [based on Laser-induced graphene (LIG) electrodes] 

with an NFC sensor transponder for IoT applications. 

 Furthermore, selecting a suitable wireless technology for museum artefact 

monitoring where the implementation of battery-less NFC sensor technology 

is not viable and developing and deploying a long-range wireless 

communication testbed network is also one of the objectives of this thesis.  

 A final goal is to contribute to the advancement of next-generation NFC 

sensor transponder technology and museum artefact monitoring in general. 

1.3 Organization of the Thesis  

The reminder of the thesis is organized as follows: 

Chapter 2: This chapter discusses the background of RFID and NFC technologies and 

provides a comprehensive overview of state-of-the-art NFC sensor transponder. In 

this chapter, the performance of several NFC sensor transponders is presented, 

mainly focusing on the ISO/IEC 15693 air-interface standard-based transponder. 

Furthermore, several limitations, design challenges and technology gaps in state-of-

the-art NFC sensor transponders are identified, and a research hypothesis is then 

formulated.  



7 
 

Chapter 3:  With the aim of increasing the wireless communication range, the 

battery-less NFC sensor transponder is designed with a view to optimizing DC power 

consumption and is described in this chapter. In addition, the feasibility of wireless 

communication range enhancement of the NFC sensor transponder by assisting the 

transponder with a vibration energy harvester (VEH) is also explored in this chapter. 

Furthermore, this chapter presents the integration of a custom humidity sensor with 

the NFC sensor transponder. Finally, integration of the NFC sensor transponder 

within an artefact storage box is demonstrated using an adhesive-less packaging 

solution. 

Chapter 4:  This chapter describes the performance characterization of the 

developed battery-less NFC sensor transponders described in Chapter 3. The key 

performance measurement parameters include RF receiver sensitivity, DC power 

consumption, wireless communication range, temperature, and humidity sensing 

accuracy. In addition, this chapter also discusses the demonstration of the developed 

NFC sensor transponder technology to the project stakeholders during three public 

training events held in Paris (France), Turin (Italy) and Budapest (Hungary). Finally, 

this chapter also explains the deployment of the NFC sensor transponder in the Cork 

Public Museum, Cork, Ireland and Guggenheim Museum, Venice, Italy. 

Chapter 5: This chapter discusses selecting suitable wireless communication 

technologies for museum artefact monitoring applications, where employing 

battery-less NFC sensing is not feasible. For instance, in museum storage facilities 

where artefacts are stored inside wooden storage crates that have wall thickness of 

greater than 5 cm. In addition, this chapter also explains the development of a 

LoRaWAN testbed network using a commercial LoRaWAN gateway and an open-

source hardware platform for sensor nodes for museum artefact monitoring. Finally, 

this chapter also explains the deployment of the developed LoRaWAN testbed 

network in the Cork Public Museum, Cork, Ireland, as a proof of concept.  

Chapter 6: This chapter presents the key conclusions and findings of this thesis, and 

suggestions for future research work are outlined. 
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The following four peer-reviewed publications describe the battery-less NFC sensor 

transponder that was designed and demonstrated in this thesis. These publications 

report on the development and characterization of the NFC sensor transponder and 

the integration of the transponder within archive boxes for museum artefact 

monitoring applications. In addition, these publications also report on the integration 

of the vibrational energy harvester to improve the wireless communication range of 

the NFC sensor transponder and as well as the integration of a custom humidity 

sensor. Finally, a peer-reviewed conference publication also reported the selection 

of suitable wireless communication technologies for use in museum artefact 

monitoring applications.  

1. Dinesh R. Gawade, Steffen Ziemann, Sanjeev Kumar, Daniela Iacopino, Marco 

Belcastro, Davide Alfieri, Katharina Schuhmann, Manfred Anders, Melusine 

Pigeon, John Barton, Brendan O’Flynn and John L. Buckley, “A Smart Archive 

Box for Museum Artefact Monitoring Using Battery-Less Temperature and 

Humidity Sensing,”  MDPI Sensors Journal 21, no. 14 (2021): 4903, DOI: 

https://doi.org/10.3390/s21144903 (Impact Factor = 3.847). 

2. Kankana Paul, Dinesh R. Gawade, Roy B. V. B. Simorangkir, Brendan O’Flynn, 

John L. Buckley, Andreas Amann and Saibal Roy, "A Concertina–Shaped 

Vibration Energy Harvester–Assisted NFC Sensor With Improved Wireless 

Communication Range," in IEEE Internet of Things Journal, 2022, DOI: 

10.1109/JIOT.2022.3197233 (Impact Factor = 10.238).  

3. Paterakis George, Vaughan Eoghan, Dinesh R. Gawade, Murray Richard, 

Gorgolis George, Matsalis Stefanos, Anagnostopoulos George, John L. 

Buckley, Brendan O’Flynn, Quinn Aidan and Iacopino Daniela and Galiotis 

Costas. Highly Sensitive and Ultra-Responsive Humidity Sensors Based on 

Graphene Oxide Active Layers and High Surface Area Laser-Induced Graphene 

Electrodes. MDPI Nanomaterials Journal 12, no. 15 (2022): 2684 DOI: 

https://doi.org/10.3390/nano12152684 (Impact Factor = 5.719). 
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4. Dinesh R. Gawade, Simorangkir Roy BVB, Zorbas Dimitrios, Kumar Sanjeev, 

Ziemann Steffe, Iacopino Daniela, Barton John, Schuhmann Katharina, Anders 

Manfred, O'Flynn Brendan and John L. Buckley, A museum artefact 

monitoring testbed using LoRaWAN. In Proceedings of the 2021 IEEE 

Symposium on Computers and Communications (ISCC), 2021; pp. 1-3, DOI: 

10.1109/ISCC53001.2021.9631253.  

  



10 
 

Chapter 2:  Literature Review and State of the Art 

Summary 

 

2.1 Background 

As discussed in Chapter 1, the degradation rate of valuable cultural heritage objects 

and artefacts can considerably increase due to exposure to unstable climatic 

conditions, light and environmental pollutants during transport and storage [16]. 

Monitoring microenvironments is an important technique for preventive 

conservation of such artefacts, even in climatically controlled areas and enclosures. 

The microclimatic environmental conditions, such as temperature and humidity for 

artefacts stored in archive boxes can differ significantly from that of the external 

environment due to the intrinsic moisture content of stored materials within the 

archive box. Therefore, a common and legitimate interest and concern for 

conservators is the status of the (often-unknown) microclimate within the enclosures 

themselves that are used to house valuable artefacts. Consequently, there is a need 

to monitor the effective interior microclimates in sealed storage enclosures. This is 

ideally accomplished without the need to open the enclosure or interfere with the 

sealed internal environmental. The focus of this research is to design a novel, 

wirelessly powered wireless sensor device (NFC sensor transponder) for 

microenvironment monitoring and to integrate it within an artefact storage box.  

This chapter first briefly explains the background on near field communication (NFC) 

technology. Secondly, this chapter also provides a comprehensive review of the 

state-of-the-art in battery-less NFC sensor transponders. A detailed review of 

battery-less sensor transponders is presented, focusing on those that operate at 

13.56 MHz using the ISO/IEC 14443 and ISO/IEC 15693 air interface and initialization 

standards. A performance comparison of the reported solutions in the literature is 

conducted to help identify areas for improvement for a new battery-less sensor 

transponder design particularly for museum artefacts monitoring application. Finally, 

several gaps in the state-of-the-art for NFC sensor transponder technology are 

identified.  
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In particular, for museum artefact monitoring applications, the need for developing 

a new battery-less sensing solution is highlighted to fill the identified gaps in the 

current state of the art in this area. 

2.2  Background Information 

This section briefly describes the background information for Radio-Frequency 

Identification (RFID) and NFC technology, which includes a technology overview, 

operating principle, a simplified circuit model and system architecture for an NFC 

system which is described in Chapters 3 and 4.   

2.2.1 Overview of radio frequency identification (RFID) technology 

In 1973, Mario W. Cardullo and William L. Parks patented a RFID transponder that 

comprises of writable memory [37]. Table 2.1 summarizes classifications of RFID 

transponders based on the operation frequency and type of coupling between the 

RFID transponder and reader antenna. RFID transponders are generally classified 

according to operating frequency and include Low frequency (LF), High frequency 

(HF) and ultra-high frequency (UHF) type devices [38].  

Table 2.1: Classification of RFID transponder [38]. 

Parameter 
Low Frequency (LF) 

RFID 
High Frequency (HF) 

RFID 

Ultra High 
Frequency (UHF) 

RFID 

Frequency of 

operation (MHz) 
0.125 to 0.135 13.56 

860 (Europe),       

915 (USA) 

Air interface 

Standard  

ISO/IEC 14223, 

ISO/IEC 18000-2 

ISO/IEC 14443 A/B, 

ISO/IEC 15693,  

EPC Class 1 Gen 2, 

ISO/IEC 18000-6 

B/C 

Frequency band 

regulation  

Worldwide Worldwide Various with 

countries 

Coupling 

method  
Inductive Inductive  

Electro-magnetic 

backscattered 
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Figure 2.1: High-level overview of an RFID system. 

A block diagram of a typical RFID system is depicted in Figure 2.1. As shown in the 

figure, a RFID system comprises an RFID interrogator (also referred to as a reader) 

and an RFID tag (also referred to as a transponder). The main function of the RFID 

transponder is to transmit and receive data, store data or in some cases, measure 

ambient parameters, such temperature and humidity [38-41]. Likewise, the primary 

function of an RFID reader is to transmit wireless power, read, and write data 

wirelessly to and from the RFID transponder. 

As shown in Figure 2.1, a simplified view of a standard RFID transponder comprises 

an antenna that uses a backscatter technique (described shortly) for wireless data 

transmission and reception. The antenna interfaces with an RFID radio transceiver 

for wireless communication. The transponder also features a non-volatile memory, 

for instance, an electrically erasable programmable read-only memory (EEPROM) for 

data storage. In some cases, the transponder may feature a low-power  

microcontroller (MCU) and sensor to measure various environmental  parameters 

such as temperature [40]. The reader typically features the following elements: 

antennas, a control unit, and an RFID reader transceiver [42]. 

As summarised in Table 2.1 the HF-RFID and LF-RFID uses inductive coupling to 

enable wireless power and data transfer between two loop antenna [43, 44]. LF-RFID 

and HF-RFID systems operate in the  0.120 to 0.135 MHz and 13.56 MHz Industrial, 

Scientific, and Medical (ISM) bands, respectively [38]. LF-RFID follows the ISO/IEC 

18000-2 air-interface protocol, and HF-RFID is based on the ISO/IEC 18000-3 standard 

together  with additional smart cards ISO/IEC 15693, ISO/IEC 14443A and 14443B air-

interface [1]. 
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The UHF RFID transponders harvest DC power from the reader’s carrier signal and 

use a backscattering technique  for wireless communication between the reader and 

transponder which is typically located within  a distance of less than 5 meters of the 

reader [45]. UHF-RFID complies with the EPC Class 1 Gen 2, ISO18000-6 B/C standard 

and operates in the unlicensed ISM band at 860 MHz and 915 MHz [46]. 

2.2.2 Overview of near-field communication (NFC) technology 

NFC technology has evolved from traditional HF-RFID technologies, and uses near-

field inductive coupling between two NFC loop antennas located closely in each 

other’s vicinity [43] (described shortly in Sub-section 2.2.4). In particular, NFC 

technology is a short-range, contactless wireless communication technology that 

operates within the worldwide available unlicensed radio frequency band of                     

13.56 MHz [43]. In passive communication mode, NFC technology offers a data rate 

of between 106 kbps and 848 kbps with a maximum wireless communication range 

of less than 10 cm using the ISO/IEC 14443 standard air interface. NFC also offers a 

lower data rate of between 6 kbps and 26.48 kbps using the ISO/IEC 15693 standard 

air interface and has a range of less than 100 cm [47-51].  

An additional NFC standard is also available (ISO/IEC 18092 and ECMA-340) that 

supports data frame format, modulation, interoperability, and data exchange 

between based NFC-enabled devices [42, 43, 52-54]. In addition, the NFC forum1 has 

developed technical specifications to ensure interoperability between NFC devices 

and Radio Frequency (RF) and also NFC test and characterization methods [55]. NFC 

technology is also backward compatible with proximity and vicinity smartcard 

standards, such as ISO/IEC 14443A, ISO/IEC 14443B, and ISO/IEC 15693 [43]. A 

benefit of backward compatibility is that an NFC radio transceiver based on the 

ISO/IEC 15693 standard can transmit data up to 1 m with a 13.56 MHz reader as well 

as up to 7 cm with an NFC type 5 enabled smartphone [56].  

                                                      
1

 NFC Forum is an industry association that was established in 2004 and formed by 

community-led organizations to advance the use of NFC based wireless interaction with 

mobile devices and consumer electronics.  
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As defined by the NFC forum technical specification, NFC transponders operate 

within one of the following operating modes [38, 55]. 

Card emulation: In card emulation mode, the NFC transponder operates as a 

contactless card that enables wireless communication with an NFC enabled reader. 

A typical use case for card emulation mode is in contactless payment using a 

bankcard, i.e., debit and credit card. 

Peer-to-Peer (P2P): In P2P mode, two NFC-enabled devices come in contact for the 

exchange of data. A typical use is the transfer of data for music applications. 

Read/write:  In read/write mode, an NFC-enabled reader operates like a contactless 

reader to facilitate wireless communication with the NFC transponder. The 

read/write mode also allows the reader to read and write data to and from the 

transponder. This data can includes text data, i.e., measured sensor data, uniform 

resource locator (URL) information, smart poster and contact info. Typical use cases 

using read mode are NFC labelling and NFC sensing. The NFC sensor transponder 

design presented in this thesis fully complies with ISO/IEC 15693 standard with the 

read/write mode.  

Wireless charging mode (WLC): Wireless charging mode is dedicated to wireless 

power transfer (WPT) over an NFC connection and wireless communications is used 

to manage wireless power transfer between the charging device and target device. 

A typical use case of the WLC mode is for charging small devices, for instance, 

headsets, fitness trackers, smartwatches, and other consumer products. NFC Forum 

approved the technical specification of the WLC mode in October 2021 [57]. 

However, commercial device based on this mode are not yet available in the market 

but will emerge in the near future.  

2.2.3 Choosing a suitable RFID technology 

This subsection describes the rationale for the selection of the optimum RFID 

technology for museum artefacts monitoring applications. The design choices were 

informed by the user requirements for the application as defined by the project 

stakeholders (including museum conservation scientists and artefact storage box 

manufacturers). The user requirements are discussed in detail in Chapter 3.   
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As discussed in section 2.2.1, LF-RFID technology operates in the low-frequency band 

from  0.125 to 0.135 MHz and can wirelessly transmit data with a bit rate of 12 bits 

per second as reported in [39]. LF-RFID technology can wirelessly transmit data with 

a bit rate of 12 bits per second. However, because a low data rate of 12 bits per 

second, LF-RFID would require more than 10 seconds to transmit 50 bytes of data.  

Table 2.2: Comparison of RFID technologies. 

Parameter 
HF-RFID           
(ISO/IEC 
14443A) 

HF-RFID             
(ISO/IEC 15693) 

UHF-RFID       
(ECP global 

Gen2)  

Ref 

Interoperability NFC Type 1, 2    

and 42 

NFC Type 5 ECP global Gen 

2 

[58-61] 

Wireless 

communication 

Range (cm) 

< 10 with 

Reader  

< 3 with 

smartphone 

< 150 with Reader  

< 7 with 

smartphone 

<500 with 

Reader  

[62-64] 

Coupling 

method 

Inductive 

(Proximity) 

Inductive 

(Vicinity) 

Backscattered 

(Far-field) 

[59, 65, 

66] 

Modulation 

(Reader to Tag) 

ASK 100 %      

depth of 

modulation 

ASK 10 % or 100 

% depth of 

modulation 

ASK                 [61, 67] 

Modulation (Tag 

to Reader) 

Load 

Modulation 

Load Modulation ASK or PSK [59, 61, 

67] 

Data Rate 

(kbit/s) 

106 and 424 

 

26.48 26.7-128 [59, 61, 

67] 

Memory (kB) 2  

 

64 

 

< 64 [59, 68] 

Reader  Smartphone Smartphone UHF RFID 

Reader          

[1, 51]  

                                                      
2 The NFC forum defined technical specifications for five transponder types, i.e., Type - 1 to 

Type - 5, to ensure interoperability between NFC transponder and reader. 
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Therefore, LF-RFID technology is difficult to employ for the museum artefact 

monitoring application. A comparison of HF-RFID and UHF-RFID is summarized in 

Table 2.2. It is evident from Table 2.2 that HF-RFID technology based on ISO/IEC 

14443 A and B air interface can wirelessly transmit data with a data rate of 424 kbps. 

However, NFC transponder based on ISO/IEC 14443 air-interface can provide a 

maximum wireless communication range of less than 3 cm with an NFC enabled 

smartphone when used as a reader [1, 40]. Ultra-high frequency radio-frequency 

identification (UHF-RFID) technology can be used to provide a maximum wireless 

communication range of approximately 5 m in  battery-less mode [45].  However, the 

cost of an UHF RFID reader can be prohibitively expensive (approximately €1600 [69]) 

whereas for HF-RFID, only a smartphone is required with no additional cost. Thus, 

UHF RFID technology may be unsuitable for monitoring low-cost museum artefacts 

[40] due to budgetary reasons.   

As summarized in Table 2.2, an NFC sensor transponder uses ISO/IEC 15693 air 

interface can transmit data with the data rate of 26.48 kbps with a wireless 

communication range of 7 cm with an NFC enabled smartphone used as a reader [1] 

(See Section 2.2.2). Therefore, HF-RFID technology that uses ISO/IEC 15693 air 

interface was chosen for the museum artefact monitoring application. Detailed 

reviews of state-of-the-art NFC sensor transponders are presented in sub-section 

2.3.2.  

2.2.4 Physical principles of operation for an NFC system   

This subsection describes the physical principles of operation for an HF-RFID and NFC 

system. 

2.2.4.1 NFC system wireless power transfer and communication model 

This subsection describes the wireless power transfer and communication between 

the reader and the tag from circuit point of view. Figure 2.2 shows the simplified 

equivalent circuit model of the NFC system. This model of the NFC reader consists of 

the equivalent circuit of the reader integrated circuit (IC) connected to a loop 

antenna (L1) with ohmic losses (R1) and tuning capacitor (C1).  
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Figure 2.2: Simplified equivalent circuit model of NFC system. 

The reader also includes an impedance matching network and perfect impedance 

match at resonant frequency has been assumed (R1 = RS). Likewise, the simplified 

NFC transponder model comprises an equivalent circuit model of NFC transceiver, 

NFC loop antenna (L2) and external tuning capacitor (CT). As shown in Figure 2.2 the 

NFC reader and transponder are inductively coupled, and the coupling coefficient is 

denoted by parameter k. The value of k can vary between 0 ≤ k ≤ 1 [51]. An NFC 

reader loop antenna (L1) is connected to the reader integrated circuit (IC) and 

generates an alternating magnetic field (𝐻).  

Resistance R1 represents the ohmic losses in the reader antenna L1. In order to 

achieve maximum current (I) in the conductor loop L1, capacitance C1 and inductance 

(L1) form a series resonant LC circuit that has a nominal resonant frequency (fR) of 

13.56 MHz. The mutual inductive coupling between L1 and L2 induces an alternating 

voltage (v) on terminals of the transponder loop antenna, L2. 

The ohmic losses in the transponder loop antenna L2 are represented by the series 

resistance R2, as shown in Figure 2.2. In addition, the NFC radio transceiver features 

an internal capacitance (CIC). This internal capacitance (CIC), along with parasitic 

capacitance (CP) and external tuning capacitor (CT) connects in shunt with the 

transponder loop antenna L2 to form a parallel LC circuit with a nominal resonant 

frequency (fR) of 13.56 MHz. The induced voltage (v) on the terminal of the 

transponder antenna (L2) is then used to power the NFC transponder. 

In order to transmit data from the transponder to the reader, NFC system use a load 

modulation technique where load modulation resistance (RMOD) and switch (S), are 

modelled as shown in Figure 2.2. Resistance RMOD is toggled between the ON and OFF 

states using switch (S) and is driven by the data stream.   
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Toggling the state of RMOD, i.e., turning it ON and OFF generates an amplitude 

modulated (AM) voltage at the terminals of the reader loop antenna (L1). From Figure 

2.2, it can be seen that RMOD ∥ RIC reduces the total resistance and thus will affect the 

transformed impedance (ZT’) of the transponder. Through the load modulator, ZT’ of 

the transponder switches between ZT’ = RIC and ZT’ = RIC ∥ RMOD. This results in a 

voltage change (vRX) at the reader's antenna (L1), i.e. amplitude modulation occurs. 

The data transmitted by the transponder is not available in the baseband at L1. 

Instead, the transmitted data is found in modulated subcarrier signals, i.e., sidebands 

centred at - fH and + fH subcarrier frequencies of the load-modulated voltage [51].  

2.2.5 Architecture of NFC system  

As discussed in Section 2.2.2, NFC has evolved from HF-RFID technologies [43]. Figure 

2.3 shows the structured stack of the hardware and software layers upon which NFC 

is built [38].  

 

Figure 2.3: High-level architecture of the NFC system. 
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From Figure 2.3, it can be seen that the NFC system uses several parameters that 

standardized for an RFID system including physical characteristics, signal interface, 

initialization and the anti-collision mechanism. In order to ensure interoperability 

between NFC enabled devices, the NFC forum has developed and implemented 

technical specifications for the software layer, including protocols, specific data 

exchange formats with differentiated record types, and tag types [55]. The technical 

specification for the software layer includes the following dedicated parameters:  

A. Data exchange frame 

I. NFC data exchange format (NDEF) 

B. Record type definition (RTD)  

I. Text 

II. Uniform Resource Identifier (URI), i.e., website link 

III. Smart poster 

C. Protocols 

I. Logical link control protocol (LLCP) 

II. Simple NDEF exchange protocol (SNEP) 

III. NFC controller interface (NCI) 

In order to ensure interoperability between NFC-enabled device in the NFC system 

architecture, a new data exchange format, i.e., NFC data exchange format (NDEF), is 

implemented in the upper software layer, as shown in Figure 2.3. The NDEF is a 

lightweight binary message format used to create an application-defined payload of 

various types of data into a single message. The structure of the NDEF is shown in 

Figure 2.4. The NDEF may consist of one or more record types with header and 

payload. 
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Figure 2.4: NFC Data Exchange Format (NDEF) structure. 

The header contains flags that indicate the start and end of the NDEF message with 

the message type and length of the payload. As discussed earlier in this section, the 

NDEF also comprises various standardized record type definition (RTD) to construct 

payload, including URI, text, vCard, i.e., visiting card, smart poster, and pairing 

Bluetooth or Wi-Fi. The NFC sensor transponder design presented in this thesis uses 

“Text” as a RTD to create a payload. 
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2.3 State of the Art and Literature Review 

This section thoroughly reviews the prior academic and commercial works in the area 

of battery-less NFC and RFID sensor technology.  

2.3.1 State-of-the-art battery-less RFID and NFC transponders 

Recently, the demand for RFID and NFC enabled sensor transponders has been 

growing due to the increasing number of IoT applications using battery-less 

transponders for applications in soil moisture monitoring [6-8], fruit quality 

measurement [9, 10], long-term building structural health monitoring [11, 12], gas 

monitoring [13], museum artefact monitoring [1, 40] and environmental parameter 

monitoring [14, 15]. Figure 2.5 shows the global market trend for battery-less sensor 

device from 2018 to 2030. It is observed that in 2022, the market for battery-less 

sensor devices was valued at approximately $35 million and is projected to reach 

roughly $284.69 million by the year 2030, which will represent a compound annual 

growth rate (CAGR) of 28 % from 2022 through 2030 [70].  

 

Figure 2.5: Market trend for battery-less sensor from 2018 to 2030 (Fig.9 of [70]). 
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Figure 2.6: Shipped NFC-enabled smartphone units from 2013 to 2021 (Fig. 7 [71]). 

As reported in [70], the miniaturization of sensing devices and the increased adoption 

of automated condition monitoring systems in smart factories is influencing the 

positive market growth for these devices. In addition, recently, the market for NFC 

technology has increased significantly due to the incorporation of an NFC reader 

capability within smartphones [5]. It is evident from Figure 2.6 that shipment of NFC-

enabled smartphones is increased by 88 times from 2013 to 2021 [71]. At the present 

time, NFC technology not only enables consumers to perform payments for example, 

but also passively measures and wirelessly transmits data sets of various parameters 

such as temperature and humidity for a wide range of IoT application [47, 68]. 

NFC enabled sensor transponder with battery-less or battery-assisted operation 

along with sensing and wireless communication capabilities are more recently 

becoming available as commercial products in a variety of configurations.  
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Examples of such commercial NFC sensor products that are available at the present 

time include Monarch Instrument- Track-It [35], Microsensys - TELID 232 and TELID 

332-th [32, 34], GoSense – Wireless NFC sensors [33], Intellilog – Temperature logger 

[36], Avery Dennison - TT Sensor Plus [72] and Identiv - uTrust Sense Temperature 

Tracker [73].  

Table 2.3 summarizes some of the available battery-less and battery-assisted NFC 

and RFID-enabled commercial sensor transponders that are available in the market 

at present for various IoT applications such as cold supply chain or temperature-

sensitive product monitoring. Table 2.3 indicates that two of the sensor transponder 

listed [32, 35] have a limited shelf life of a maximum of 3 years. In addition, only a 

limited number of the reported solutions support battery-less operation [33, 34] and 

are not optimized for low-cost applications [32-36, 72, 73]. Therefore, commercially 

available solutions cannot be easily adapted for low-cost museum artefact 

monitoring applications. This represents a challenge but also an opportunity. 

Table 2.3: Commercial NFC sensor transponders. 

Manufacturer 
Unit 

Cost (€) 
Shelf Life        
(Years) 

Battery-less 
operation 

Sensor Ref 

Monarch 

Instrument, USA 

71 3 No Temperature 

Humidity  

  

[35] 

Microsensys, 

Germany 

48 3 No 
Temperature 

Humidity  

 

[32] 

24 Not 

reported 

Yes Humidity  [34] 

GoSense, UK 23 
Not 

reported 
Yes 

Temperature 

Humidity  

 

[33] 

Intellilog, Germany 17 1 No Temperature [36] 

Avery Dennison, 

USA 

15 1 No Temperature [72] 

Identiv, USA 8 1 No Temperature [73] 
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2.3.2 NFC enabled battery-less sensor transponder 

As discussed in sub-section 2.3.1, the research area associated with NFC enabled 

battery-less sensor transponders has received increased significant interest due to 

the incorporation of NFC reader capability within smartphones. In addition, the 

significant technology advancement in the development of low to ultra-low power 

electronics has enabled the rapid growth of IoT platforms, expanding into several 

application fields as described in the previous section. In this section a detailed 

review of the state-of-the-art battery-less NFC sensor is presented. 

In 2007, one of the first NFC sensor transponder was reported in the literature and 

was referred to as an NFC interface module [74]. The reported NFC interface module 

comprised an inbuilt temperature sensor (LM20) and had the ability to communicate 

with an NFC-enabled smartphone. However, the reported NFC module was battery-

augmented (semi-passive) and did not support battery-less operation [74]. In [75], a 

practical implementation of a battery-less NFC-enabled sensor was reported. This 

sensor was capable of measuring temperature and was wirelessly powered wirelessly 

using an NFC reader. However, the reported NFC temperature sensor was not 

compatible with standards based NFC-enabled smartphones. Likewise, in [76], a 

battery-less NFC sensor transponder that was wirelessly powered using NFC enabled 

by a smartphone (Google Nexus S) has been reported. The reported NFC sensor was 

designed to measure various health-related parameters, including temperature and 

urine content in a diaper monitoring application using a resistive moisture sensor. In 

addition, the reported NFC sensor could also detect blood level under wound 

bandages.  

Figure 2.7 depicts the number of research papers that report the use of battery-less 

NFC sensors from 2015 in this active research domain. It can be seen from Figure 2.7 

that the last five years have witnessed a growing interest in developing battery-less 

NFC sensor transponders for various applications due to the availability of NFC-

enabled smartphones in the market. As discussed in Section 2.3.1, the shipment of 

NFC-enabled smartphones has increased by a factor 88 times from the year 2013 to 

2021.  
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Figure 2.7: The total battery-less NFC sensor articles reported in the literature. 

In recent years, various battery-less and battery-assisted wireless sensing solutions 

have been developed that use NFC and RFID technology in multiple application 

domains. These applications require the sensing of multiple disparate parameters 

that are discussed in Sub-section 2.3.1.  

In order to develop a battery-less NFC sensor transponder for various IoT 

applications, the NFC transceiver based on ISO/IEC 14443 (i.e., NFC Type 2 and Type 

4) and ISO/IEC 15693 (i.e., NFC type 5) has been widely used in literature.  

2.3.2.1 NFC sensor transponder based on ISO/IEC 14443 standard  

This sub-section briefly describes the battery-less NFC sensor transponders that are 

based on ISO/IEC14443 i.e., NFC Type 2 and Type 4. In [26], an NFC sensor 

transponder was reported that could sense real-time determination of Carbon 

dioxide (CO2) inside an FFP2 (FFP stands for filtering face piece). A circuit diagram of 

the reported NFC CO2 sensor transponder along with interconnection is shown in 

Figure 2.8 (a).   
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Figure 2.8: NFC sensor (a) schematic (b) CO2 sensor (c)-(e) prototype (Fig.3 of [26]). 
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As shown in Figure 2.8 (a) the circuit diagram comprises of a microcontroller (Part 

Number: PIC16LF10703) and NFC transceiver (Part Number: AS3955) [26]. In 

addition, the circuit diagram also consists of the sensing elements, including 

ultraviolet light emitting diode (UV LED), digital colour sensor (Part Number: S11059) 

and temperature sensor (Part Number: MCP9700). As shown in Figure 2.8 (b) to 

sense CO2, the sensing module is aligned with a carbon dioxide-sensitive membrane. 

The luminescent response of the UV LED after the exciting CO2 membrane was 

detected by the colour sensor. In addition, to correct the temperature dependency 

of the chemical sensor, a temperature sensor was also included in the transponder 

design. The NFC CO2 sensor transponder was fabricated on a 125 µm thick PET 

flexible substrate as shown in Figure 2.8 (c) to (e). The reported transponder 

consumes 4.45 mW DC power to perform sensing operations while yielding a 

maximum wireless communication range of 1.9 cm with an NFC-enabled smartphone 

as a reader. 

Furthermore, in [22] a battery-less NFC-enabled tire pressure monitoring system 

(TPMS) for bicycles has been reported. Figure 2.9 shows the top and bottom view of 

the NFC sensor transponder that incorporates a pressure sensor to sense tire 

pressure. The TPMS is fully wirelessly powered by a magnetic field induced by the 

reader, i.e., NFC enabled smartphone. The pressure-sensing element is a force-

sensing resistor (FSR) and is interfaced with a timer-based oscillator integrated 

circuit, i.e., IC 555. The oscillator frequency is then read and computed by the MCU. 

As shown in Figure 2.9 hardware prototype was fabricated on an FR4 substrate and 

includes a microcontroller (MCU) and NFC transceiver (Part Number: NT3H2111) 

[22]. A maximum wireless communication range of 0.8 cm was reported after 

integration within the bicycle tire. In addition, pressure sensor accuracy of 0.1 bar 

has been reported over a pressure range from 0.5 to 2.2 bar.  
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Figure 2.9: Top and bottom view of NFC sensor prototype (Fig. 7 of [22]). 

Likewise, in [77], battery-less NFC sensor transponder was reported for monitoring 

transepidermal water Loss (TEWL) and skin wittedness factor (SWF) monitoring. 

Figure 2.10 shows the system architecture and prototype of the reported 

transponder. This transponder is based on a commercial NFC transceiver (Part 

Number: RF430CL330H). The transponder design comprises a compact antenna size 

with diameter of 2.6 cm and provided a wireless communication range of 

approximately 1 cm when an NFC-enabled smartphone was used as a reader.  

  



29 
 

 

(a) 

 

(b) 

Figure 2.10: NFC skincare sensor (a) architecture (b) prototype (Fig. 2 & 3 of [77]). 

The reviewed NFC sensor transponders that are based on ISO/IEC 14443 air interface 

and NFC type - 2 or type - 4 reported a shorter wireless communication range of less 

than 2 cm [22, 24, 26, 28, 30, 77-80].  

2.3.2.2 NFC sensor transponder based on ISO/IEC 15693 standard  

As discussed in 2.2.3, an NFC radio transceiver based on the ISO/IEC 15693 air 

interface standard can provide enhanced wireless communication range compared 

with an ISO/IEC 14443 based transceiver [1, 2, 81]. For example, in [82] a battery-less 

NFC enabled smart bandage has been reported and consists of a strain and 

temperature sensor. The block diagram and the hardware prototype of the smart 

bandage are shown in Figure 2.11.  
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Figure 2.11: NFC bandage (a) schematics (b) diagram (c) prototype (Fig. 5 of [82]).   
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The smart bandage comprises of an NFC transceiver (Part Number: RF430FRL152H) 

and an analogue resistive type temperature and strain sensor. The RF430FRL152H is 

a programmable NFC radio transceiver with an integrated data processing unit. The 

transponder is wirelessly powered using an NFC-enabled smartphone and provided 

a wireless communication range of 4.3 cm. Similarly, the wireless communication 

range of NFC sensor transponders reported in [83] and [84] were 4 and 3 cm, 

respectively. Both NFC sensor transponders were based on an identical NFC radio 

transceiver (SL13A) has an integrated data processing core.  

In order to process sensor data, the RF430FRL152H and SL13A do not require an 

additional microcontroller (MCU). This significantly reduces the overall DC power 

consumption of the transponder and leads to improved wireless communication 

range (described in Chapter 3). However, SL13A and its substitute NFC radio 

transceiver AS38513 were discontinued by the manufacturer (AMS AG, Austria) in 

2015 and 2021, and both transceivers are now obsolete and not available on the 

market [85, 86]. On the other hand, the NFC radio transceiver RF430FRL152H is 

available in the market but can only deliver approximately 675 μW of DC power to 

external electronics such as sensors [82]. This limited wireless power harvesting 

capability restricts the use of RF430FRL152H in applications where more harvested 

power is required. Consequently, the NFC radio transceivers that interface with an 

external microcontroller as a processing unit are employed for most of the NFC 

sensor transponder designs reported in the literature, i.e., in [7, 9, 27, 29, 87].  

For example in [25] a battery-less NFC sensor transponder for pH monitoring has 

been reported. The hardware prototype for a battery-less pH sensor transponder is 

shown in Figure 2.12. The transponder comprises of an Atmel Tiny85 microcontroller 

and NFC radio transceiver (Part Number: M24LR04E). In addition, the transponder 

also consists of a LED and light-to digital converter (Part Number: CS3472) as the 

sensing element. In order to sense pH, the transponder consumes 2.9 mW of DC 

power while yielding a maximum wireless communication range of 1.8 cm. In 

addition, the microcontroller clock frequency was set to 1 MHz to minimize DC power 

consumption. 
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Figure 2.12: Hardware prototype of battery-Less NFC pH sensor (Fig. 21 of [25]).  

Likewise, a battery-less flexible NFC sensor transponder for sensing the total mineral 

content of  drinking water has been reported in [27]. Figure 2.13 shows a hardware 

prototype and measurement of the NFC sensor that uses a smartphone. The 

transponder comprises an external microcontroller (Part Number: MSP430FR2433) 

and an NFC transceiver (Part Number: M24LR16E). The transponder also implements 

a planar interdigitated capacitive sensing element that interfaces to the MCU using a 

capacitive to digital converter (Part Number: PCAP02). The NFC sensor transponder 

has a DC power consumption of 2.1 mW and provides a maximum wireless 

communication range of 3 cm with a smartphone as a reader. The clock frequency of 

the microcontroller was specified at 1 MHz to reduce the DC power consumption.  
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(a) 

 

(b) 

Figure 2.13: NFC minerals sensor (a) prototype (b) measurement (Fig. 6 & 8 of [27]).  
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2.4 RFID and NFC Sensor Transponder for Artefact Monitoring 

This sub-section briefly describes the state-of-the-art in RFID and NFC transponders 

for museum artefact monitoring applications. In order to prevent the degradation of 

museum artefacts, battery-assisted or battery-powered NFC or RFID sensor 

transponders have been reported in the literature. For example, in [88], the long-

term preventive care of fine art objects is reported. A battery-assisted NFC sensor 

transponder is described and that can monitor temperature and humidity. The 

sensor was deployed for a duration of six months to monitor the microclimatic 

conditions within a dedicated enclosure that was used to house a late 16th century 

panel painting as in Figure 2.14. The transponder is based on the ISO/IEC 15693 

standard and compliant with NFC type 5. This study explicitly detailed the critical role 

of object-specific sensor transponders used for long-term preventive care of fine art 

objects. 

 

Figure 2.14: Battery-assisted NFC sensor for monitoring of painting (Fig.2 of [88]).  
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Similarly, the identification of cultural relics in museums, as well as the capability for 

environmental monitoring using RFID technology has been reported in [89, 90]. 

However, these reported artefact-monitoring solutions [88-90] require a battery as 

a power source. 

2.5 Performance Comparison of State-of-the-Art NFC sensors 

Table 2.4 summarizes the key performance characteristics of 17 state-of-the-art 

battery-less NFC sensor transponders from the literature. For ease of reading, each 

column in Table 2.4 is labelled A to H. Each entry lists the references number of each 

research article, the RFID air interface standard employed, the integrated processing 

unit, MCU clock frequency clock frequency (fCLK), dimension of the NFC loop antenna 

in mm (L= length, W=width, or ⌀ = diameter), DC power consumption of the NFC 

sensor transponder in mW, maximum wireless communication range in cm with NFC 

enabled smartphone, and parameters sensed using the reported transponder, 

respectively. 

2.5.1 NFC sensor performance comparison 

As summarized in column B of Table 2.4, two types of RFID air interfaces are used for 

these applications, i.e., ISO/IEC 14443 and ISO/IEC 15693. It is also evident from Table 

2.4 that approximately 60 % of these NFC sensor transponders use the ISO/IEC 15693 

standard.  
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Table 2.4: Performance comparison summary for state-of-the-art NFC sensor. 

A B C D E F G H 

Ref 
RFID air 

Interface 

Integrated 
processing 

unit 

MCU 
clock 
(MHz) 

Tag 
Coil 
Size 

(mm) 

DC Power 
consumption 

(mW) 

Range 
(cm) 

Sensing 
parameters 

[22] ISO14443 No 1 12 × 16 1.74 0.8 Pressure  

[23] ISO14443 No 1 ⌀ 26 1.72 1 Skin moisture & 
Ultraviolet light  

[77] ISO14443 No 1 ⌀ 26 NA3 1 Skin moisture  

[24] ISO14443 No NA 35 x 25 1.8 1 ECG & sweat pH  

[28] ISO14443 No NA 10 × 5 0.9 1 Arterial SPO2 & 
Temperature  

[29] ISO15693 No 1 25 x 25 NA 1.4 Moisture  

[25] ISO15693 No 1 50 x 50 5.29 1.8 pH 

[26] ISO14443 No  NA 43 × 58 4.45 1.9 Carbon dioxide  

[7] ISO15693 No  1 50 x 50 3 2 Soil moisture, RH 
Temperature &   

[9] ISO15693 No  1 50 x 50 5.29 2 Color   

[30] ISO14443 Yes  NA 45 × 30 NA 2 Ascorbic acid 

[10] ISO15693 No  1 50 x 50 8 1.9 Color    

[31] ISO15693 Yes NA 70 x 70 NA 3 pH  

[84] ISO15693 Yes NA 34 × 46 1.3 3 Blood flow 

[27] ISO15693  No 1 35 × 35 2.1 3 Water minerals  

[83] ISO15693 Yes NA 25 x 35 NA 4 pH  

[82] ISO15693 Yes NA 26 × 26 NA 4.3 Strain & 
Temperature 

Note: This table is sorted in the increasing order of wireless communication range in 

column G.  

 

                                                      
3 NA = Information not reported in literature   
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2.5.2 DC power consumption and wireless communication range  

Table 2.4 column F shows the overall DC power consumption of battery-less NFC 

sensor transponders that included a microcontroller as a processing unit exceeds a 

value of 0.9 mW. In addition, it is evident from Table 2.4 (column G) that a wireless 

communication range of the NFC sensor transponder that included a microcontroller 

is reported less than 3 cm. It is known [91-93] that magnetic field strength decays 

proportionally to the cube of the distance between two mutually-coupled coils [1]. 

In other words, there is a limit to the available harvested RF power for the NFC sensor 

for a given distance from the Smartphone. Therefore, in order to reduce overall DC 

power consumption and increase the communication range, the MCU clock 

frequency (fCLK) of over half of the NFC sensor transponders reported in Table 2.4 was 

decreased and set to 1 MHz (also referred to as the frequency scaling technique). The 

overall power consumption also can be reduced by decreasing the CPU core voltage 

(VCORE) of the MCU (also referred to as a voltage scaling technique) [1]. However, to 

the best of the author's knowledge, the voltage scaling technique to reduce the 

overall DC power consumption of NFC sensor transponder was not investigated in 

literature.  

2.6 Gaps in the State-of-Art and Research Hypothesis 

From the literature review discussed in Section 2.5, several technology limitations or 

gaps are evident from the state-of-the-art NFC sensor transponders reported in the 

literature. Some specific limitations are also evident, particularly for museum 

artefacts monitoring applications.  

 The harvested DC power consumption of battery-less NFC sensor 

transponders that includes a microcontroller as a processing unit is mostly 

higher than 1.5 mW. In [28], DC power consumption of 0.9 mW has been 

reported. Higher DC power consumption is one of the key factors that limits 

the wireless communication range [1]. 

 The maximum wireless communication range of NFC sensor transponders 

that included a microcontroller as a processing unit has been reported to be 

less than 3 cm with an NFC-enabled smartphone as a reader.  
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 Several challenges with commercial solutions are identified, including a 

limited operational life of 3 years maximum [32], a limited number of the 

solutions support battery-less operation [33, 34] and are not optimised for 

low-cost applications i.e., unit-costs of approximately €23 [33]. 

 Commercially available hygrometers or data loggers and other environmental 

monitoring are not suitable for integration into a large number of storage 

enclosures [21].  

 The storage box often needs to be physically opened to enable the reading of 

sensor data and this, in itself, may cause artefact degradation by introducing 

contaminants when opening the box.  

 To the best of the author’s knowledge, a museum archive box that features a 

fully integrated wireless powered temperature and humidity sensor has not 

been reported in the literature.  

In museum artefact monitoring, cost, wireless communications range and 

operational life of NFC sensor transponder are important requirements [1]. In 

addition, NFC sensor integration in the box or packaging material without using 

adhesive is also a vital requirement [1]. To the best of the author’s knowledge, there 

are no convenient cost-effective batteries-less wireless solutions available to solve 

the above problem in this application domain at the present time. Therefore, the 

work presented in this thesis aims at addressing the above challenges identified in 

the literature by designing a new, performance improved NFC sensor transponder 

that is optimized for museum artefact monitoring applications.  

The research hypothesis for this work focuses on optimizing the overall harvested DC 

power consumption of the NFC sensor to enhance wireless communication range 

when compared to the state-of-the-art NFC sensor transponder. In addition, research 

also focuses on integrating NFC sensor transponders within the artefact storage 

enclosure without using adhesive by developing a collapsible archive box in 

collaboration with the project partner, i.e., ZFB Germany4.   

                                                      
4

 Website: https://zfb.com/ 
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With this interdisciplinary approach, the proposed wirelessly powered museum 

archive box with an integrated NFC sensor transponder enables a low-cost, long term 

and intelligent solution for artefact storage and monitoring. 

2.7 Conclusions 

This chapter has presented the background of RFID and NFC transponders. In 

addition, this chapter also presented a comprehensive review of battery-less NFC 

sensor transponders that are reported in the literature. Firstly, an overview of state-

of-the-art battery-less RFID and NFC transponders was been discussed. Furthermore, 

a detailed review of the battery-less NFC sensor transponder was conducted, and the 

associated challenges were outlined. In the literature, two types of RFID air 

interfaces, i.e., ISO/IEC 14443 and ISO/IEC 15693 standards were shown to be used 

for battery-less NFC sensor transponders. 

A performance comparison of battery-less NFC sensor transponders reported in the 

literature was performed to highlight the main characteristics and limitations of this 

technology. In particular, gaps in the state-of-the-art relating to the limitation on DC 

power consumption, wireless communication range, operational life, and cost of the 

NFC sensor transponder for museum artefact monitoring application were identified 

and the need for a new NFC sensor design, in particular for museum artefact 

monitoring applications, was identified.  

This thesis aims to develop novel wireless sensor transponder to address the above 

gaps identified in the state-of-the-art NFC sensor transponders.  
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Chapter 3:  Battery-less NFC Sensor: Hardware and 

Software Development  

 

3.1 Background 

As discussed in the literature review in Chapter 2, the emergence of NFC enabled 

battery-less sensing devices with multiple sensing parameters, including 

temperature, humidity, pressure CO2 and pH is part of a growing wireless sensing 

application [31, 77, 81, 83, 94-108]. Such battery-less devices with enhanced wireless 

communication range can play a significant role in wireless sensing applications, for 

example, museum artefact monitoring. This chapter describes the embedded 

hardware and software development of a battery-less NFC sensor transponder and 

its integration within a museum artefact storage box (also referred to as an archive 

box). This chapter also explains the rationale for the consideration of the embedded 

hardware and software design based on the literature review and user requirements 

defined by the stakeholders including museum conservation scientists and the 

artefact storage box manufacturer. It was concluded in the literature review (see 

Chapter 2) that commercial NFC sensors have a limited operational life of 

approximately 3 years [32]. In addition, only a limited number of the reported 

solutions support battery-less operation [33, 34] and are not optimized for low-cost 

applications [32-36]. Furthermore, the harvested DC power consumption of battery-

less NFC sensors reported in the literature is generally greater than 1.5 mW [32-36], 

which is one of the factors that limits wireless communication range. In addition, to 

the best of this author’s knowledge, a smart museum archive box that features a fully 

integrated wireless powered temperature and humidity sensing has not been 

reported in the literature.  

As described in [1, 40], museum artefact monitoring requires low-cost NFC sensor 

transponder with wireless communications range of less than 4 cm and long 

operational life as essential parameters. 
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In addition, NFC sensor integration on the inner wall of an archive box without using 

adhesive is also required to avoid contamination of the atmosphere inside the box 

from the gluing process and materials. As discussed in Chapter 2, currently, there is 

no commercial solution available, which can meet all the above-mentioned 

requirements for monitoring the museum artefacts. Therefore, there is a need for 

the development of a novel solution to address the challenges outlined above and 

this is the focus of this research. 

With the aim to increase the wireless communication range, this chapter presents 

the design of a battery-less NFC sensor by optimizing harvested DC power 

consumption and integrating a multi-modal energy harvester. In addition, this 

chapter also presents the integration of a custom, relative humidity, sensor with the 

developed NFC sensor transponder. Finally, a fully integrated artefact storage box, 

manufactured without the use of any adhesive and featuring wireless powered 

temperature and humidity sensing capabilities is presented. The NFC sensor designs 

presented in this chapter have been reported in [1-3]. 

3.2 Prototype Development of Battery-less NFC Sensor 

This section summarizes the architecture of the proposed NFC sensor transponder 

(also referred to as NFC sensor), driven by the user requirements from several 

stakeholders. The system design was tailored for a low-cost implementation using 

commercial-off-the-shelf (COTS) components. The proposed NFC sensor hardware 

prototype comprises the following COTS components: An NFC radio transceiver 

(ST25DV16K-JFR6D3) [109], microcontroller (STM32L031K6U6) [110], voltage 

regulator (STLQ015M18R) [111], and temperature and humidity sensor (SHTC3) 

[112]. The development of the proposed battery-less NFC sensor involves the 

following key design steps: defining the user requirement, design of hardware 

prototype, development of firmware, and integration of laser-induced graphene 

(LIG) based humidity sensor, multi-modal energy harvester and NFC sensor within a 

cardboard archive box.  



42 
 

3.2.1 User requirements  

The user requirements as defined by the museum conservators and the artefact 

storage box manufacturer for the proposed NFC sensor are summarized in Table 3.1. 

The NFC sensor is required to cost less than €5 per unit for quantities of greater than 

10,000 and have an operational life of greater than 5 years. An integrated memory 

(EEPROM) is essential to temporarily store measured temperature, humidity and 

metadata (such as archive box identification ID, artefact type, and location).  

Table 3.1: NFC sensor technical and user requirements (Table 1 of [1]). 

Requirement Specification 

Power Source Wireless power transfer 

Harvested DC Power > 1 mW 

NFC sensor cost  < €5 in 10k quantities 

NFC sensor operational Life > 5 years 

Wireless communication Range < 4 cm (With NFC enabled smartphone) 

User memory (EEPROM) < 20 kbits RF and I2C dual interface access  

Wireless communication data rate  25 kbps 

Communication standard  ISO/IEC 15693 and NFC Type - 5   

NFC sensor form factor  85.60 mm × 53.90 mm × 2 mm 

NFC sensor packaging  
Integration in cardboard box packaging material 

without adhesive   

Sensed environmental parameters  Temperature and Humidity  

Temperature accuracy   < ± 0.5 °C 

Relative humidity accuracy < ± 1 % 

Operational temperature range   –40 to +125 °C [112] 

Operational humidity range   0 to 100 % [112] 

Response time at τ (63 %) 
8 s for relative humidity, 5 to 30 s for temperature 

[112] 

Sensor parameter reading Wireless using Smartphone 
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The NFC sensor is required to transmit measured data at a minimum data rate of      

25 kbps. The presented design does not necessitate a battery and is wirelessly 

powered by an NFC enabled smartphone and is required to provide a harvested DC 

power of greater than 1 mW [40]. This enables the smartphone to monitor the 

internal environment of the archive box by placing the smartphone close to the 

outside surface of the box. Furthermore, in most small and medium-size museum 

archive boxes, the available real estate is limited. Hence, a low profile ‘credit-card’ 

implementation with dimensions of 85.60 mm × 53.90 mm × 2 mm is required. 

3.2.2 Block diagram of the proposed NFC sensor  

Figure 3.1 shows a block diagram of the proposed NFC sensor with an NFC enabled 

smartphone used to wirelessly power the sensor. In operation, with NFC enabled, the 

smartphone provides wireless power to the NFC loop antenna via inductive coupling. 

The antenna then provides RF power to the NFC radio (see Chapter 2, for further 

details). Energy harvesting circuitry within the NFC radio provides a harvested DC 

output that was then regulated using a low dropout voltage regulator (LDO) and 

which provides a 1.8 V DC output to power the microcontroller (MCU), temperature 

and humidity sensor (also referred to as sensor), and all the other circuitry. Digital 

communication between the NFC radio transceiver, MCU and sensor were 

implemented using the inter-integrated circuit protocol (I2C) [109]. 

 

Figure 3.1: Block diagram of NFC sensor, powered using a smartphone (Fig. 2 of [1]). 
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In order to upload firmware for the NFC sensor transponder, a programming and 

debugging interface was also provided (see section 3.2.3.3 for further details). Upon 

power-up, temperature and humidity parameters were measured and metadata 

were read by the MCU and written to the NFC radio’s integrated non-volatile memory 

(EEPROM). The measured sensor data can then be read upon command from the 

smartphone for later transfer, display and analysis on the smartphone. 

3.2.3 Circuit design 

This section describes the circuit design methodology of the proposed battery-less 

NFC sensor, as described in detail below.  

3.2.3.1 Component selection 

To meet the requirements defined in Table 3.1, the selection of appropriate COTS 

electronic components was critical. The key electronic components include a 

temperature and humidity sensor, MCU, NFC radio transceiver and LDO, whose 

electrical characteristics were taken from the relevant datasheet and are 

summarized in Table 3.2. In order to identify a suitable temperature and humidity 

sensor, the technical specifications of several temperature and humidity sensors 

were studied and matched against the user requirements.  

Based on the sensors comparison, a Sensirion SHTC3 temperature and humidity 

sensor [112] was chosen because of its low DC supply voltage (1.8 V) requirement, 

low DC current consumption (270 µA) and high temperature and relative humidity 

accuracy of 0.2°C and 2 %, respectively. An added advantage of SHTC3 sensor is its 

small form factor (2 mm × 2 mm × 0.75 mm).  

Similarly, a STMicroelectronics STM32L03 series MCU was chosen because of its 

ultra-low power consumption. The STM32L031K6U6 MCU has the capability to 

operate down to 49 µA/MHz using an external DC/DC converter and 76 µA/MHz using 

low drop voltage regulators in dynamic run mode [110]. An added benefit of the 

STM32L03 series MCU is that it supports dynamic supply voltage and clock frequency 

scaling [113], low DC supply voltage (1.8 V) requirement and is compact in size               

(4 mm × 4 mm × 0.55 mm).  
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Table 3.2: Electrical specifications of chosen components. 

Component and  

part number 

Minimum 

VDD (V)  

Maximum 

VDD (V)  

Maximum 

ISLEEP (µA) 

Maximum 

IACTIVE 

(mA)  

Size 

(mm) 
Ref 

MCU 

(STM32L031K) 
1.65 3.6 55 2.7 

4 × 4 × 

0.55 
[110] 

NFC radio 

(ST25DV16K) 
1.8 5.5 2 0.33 

2 × 3 × 

0.55 
[109] 

Sensor          

(SHTC3) 
1.62 3.6 0.6 0.57 

2 × 2 × 

0.75 
[112] 

LDO 

(STLQ015M18R) 
1.5 5.5 

Not 

Applicable 

Not 

Applicable  

1.6 × 

2.9 × 

0.9 

[111] 

 

Furthermore, in order to select a suitable NFC radio transceiver (also referred to as 

NFC radio) for the intended application, the technical specifications of various NFC 

radio transceivers were first evaluated against the user requirements.  

In addition, wireless communication range tests were conducted with potential NFC 

radio transceiver's evaluation boards, including STEVAL SMARTAG1 (NFC radio: 

ST25DV64K) from STMicroelectronics [114], RF430FRL152HEVM (RF430FRL152H) 

from Texas Instruments [115] and NHS3152TEMOADK (NHS3152) from NXP [116]. 

This analysis showed that the STMicroelectronics’s ST25DV16K NFC radio transceiver 

best met the user requirements. An added benefit of ST25DV16K NFC radio 

transceiver is that the radio can harvest 12.59 mW of DC power at 5.5 A/m magnetic 

field when amplitude modulation (AM) = 10 % is considered [68, 117].  

This level of wireless power transfer is sufficient to power the microcontroller as well 

as the temperature and humidity sensor (see user requirement Table 3.1). Similarly, 

this NFC radio transceiver is also compliant with NFC type 5 specifications, and 

ISO/IEC15693 air interface [109].  
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The selected NFC radio transceiver also supports low DC supply voltage of 1.8 V, 

consumes DC current of 330 µA and it requires a maximum size of                                              

2 mm × 3 mm × 0.55 mm.  

Finally, the linear low dropout voltage regulator (LDO) from STMicroelectronics 

(STLQ015M18R) was selected because this LDO was capable of providing a regulated 

DC output voltage of 1.8 V. In addition, this LDO has a wide input DC voltage range 

of 1.5 V to 5.5 V (as harvested DC voltage varies with distance), a low dropout voltage 

of less than 50 mV and a low quiescent current of approximately 1.2 µA at 1 mA 

output current.  

The viability of the proposed architecture for the NFC sensor was verified by 

developing an evaluation kit based prototype including the X-NUCLEO-NFC04A1 (NFC 

radio transceiver) [118], NUCLEO-L031K6 (microcontroller) [119] and MIKROE-3331 

Temp-Hum 9 click (temperature and humidity sensor) [120]. As a proof of concept, 

the early stage results for the proposed NFC sensor architecture is published in [40]. 

3.2.3.2 Wireless Power Transfer, Communication and Power Management 

The schematic of the proposed NFC sensor was designed using a schematic entry 

tool, Mentor Graphics PADS Logic version 9.2. As discussed previously in section 

3.2.3.1, the STMicroelectronics NFC radio transceiver (ST25DV16K) was chosen for 

wireless communication and wireless power transfer (WPT). In order to enable WPT 

and wireless communication between the reader (in this case, NFC enabled 

smartphone) and the NFC sensor, an NFC loop antenna is connected to the AC0 and 

AC1 pins of the NFC radio as shown in Figure 3.2 (a) and (b) on the next page. The 

NFC radio has an internal typical capacitance (CIC) of 28.5 pF at a 13.56 MHz [109]. 

The integrated capacitor (CIC) connects in shunt with the loop antenna, which forms 

a parallel LC circuit with a specified resonant frequency of 13.56 MHz.  
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(a) 

 

(b)5 

Figure 3.2: Schematic of (a) NFC radio transceiver (b) NFC loop antenna. 

                                                      
5

 DNP (do not populate) and 0 ohm components were used to enable RF impedance characterization 

of the antenna.   
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The NFC radio incorporates a dedicated energy harvesting analogue output pin, 

V_EH. The internal static register (EH_CTRL_Dyn register6) of the NFC radio was used 

to define the default status of the V_EH pin after boot. The EH_EN and EH_MODE bit 

of the EH_CTRL_Dyn register is set to 1 to activate energy harvesting. The output 

voltage on the V_EH pin is generated by RF signal rectification which is limited to less 

than 5.5 V by the RF input clamping circuit [117]. In order to limit power supply noise 

(ripples), the output on V_EH pin was filtered using a capacitor C2 of 4.7 µF, 10 V, 

X5R as shown in Figure 3.3. The rectified and filtered DC voltage was further 

regulated to a constant 1.8 V DC using LDO (STLQ015M18R) as shown in Figure 3.4. 

Then the regulated voltage (also referred as DC supply voltage or VDD) is used to 

power up the electronics, including MCU and sensor. The VDD was also used to power 

some driving blocks of the NFC radio, such as the electrically erasable programmable 

read-only memory (EEPROM) during I2C access via the VCC pin (described shortly in 

this section), and a general purpose output driver block driven via the “driver supply 

voltage (VDCG) pin” (see Figure 3.2, a).  

 

Figure 3.3: Schematic of the filter circuit to filter ripple from harvested DC voltage.  

                                                      
6 EH_CTRL_Dyn is a static register but has a dynamic image with the static value of a register. 



49 
 

 

Figure 3.4: Schematic of the power supply block of NFC radio. 

In addition, the EN pin of LDO was configured to turn ON the regulated DC power 

supply using a voltage divider network (R5 and R6) when the rectified DC voltage 

exceeds 2.6 V as shown in Figure 3.4. This voltage divider network on the EN pin acts 

as an under voltage protection circuit to prevent the NFC sensor operating from low 

supply voltage conditions. It has also been experimentally shown in [117] that the 

harvested DC voltage of greater than 2.6 V is required to operates NFC radio in energy 

harvesting and wireless communication domain.  

The NFC radio also consists of I2C (wired) and RF (contactless) dual interface 

electrically erasable programmable read-only memory (EEPROM). The I2C interface 

of the EEPROM was powered from a regulated DC supply voltage (see Figure 3.2) and 

contains up to 16 kbit of user-accessible memory or user area memory.  
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In order to facilitate sensor data acquisition the serial clock and data bus (SDA and 

SCL) of the NFC radio are connected with the I2C port of the MCU (PB6 and PB7 pin) 

with the help of pull-up resistors R1 and R2 (see Figure 3.2 (a), Figure 3.5, Figure 3.7). 

The pull-up register is used to pull the I2C bus high when it is not driven low by the 

open-drain interface.  

The RF interface of the EEPROM is powered by the received carrier signal and was 

activated when the NFC radio acts as a contactless memory (i.e., during wireless 

communication). In RF interface mode, the user memory of the NFC radio contains 

up to 512 blocks of 4 bytes following the ISO/IEC 15693 and NFC forum type 5 

recommendations [109]. The NFC radio (ST25DV16K) also offers a fast data transfer 

mode between the radio and reader using a half-duplex 256 bytes volatile buffer 

(called Mailbox) with a data rate of 53 kbit/s. However, the mailbox functionality has 

not been used in the developed design.  

As shown in Figure 3.2, the general-purpose output (GPO) pin of the NFC radio was 

used to provide RF activity information to the MCU, such as RF field detection and 

EEPROM write operation completion.  

 

Figure 3.5: Pull up registers network. 

  



51 
 

The GPO pin was connected to the MCU (PB5 pin) as shown in Figure 3.7. The NFC 

radio used in this work provides GPO complementary metal-oxide-semiconductor 

(CMOS) output, which requires connecting the GPO pin to VDD using a pull-up resistor 

R3 as shown Figure 3.5. As per the ST25DV design recommendation, the driver supply 

voltage (VDCG) pin has also been connected to VDD that supplies power to the GPO 

driver and also pulls the GPO pin logically high [109] (see Figure 3.2). 

The NFC radio also supports a low power down (LPD) operation. The LPD is an input 

signal to the NFC radio, which was used to control the internal voltage regulator that 

delivers power to the internal blocks. When the LPD pin is set high, the internal 

regulator turns off and NFC radio goes into sleep mode. The LPD functionality has not 

been used in this design and the LPD pin was connected to the ground using a resistor 

R24 = 1 kΩ. 

3.2.3.3 Temperature and humidity data acquisition 

The SHTC3 used in this design is a digital temperature and humidity sensor and covers 

a relative humidity range from 0 to 100 % with a typical accuracy of ±2 %.  

 

Figure 3.6: Schematic of the temperature and humidity sensor interfacing. 
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Similarly, with a typical accuracy of ± 0.2 °C, this sensor also covers a temperature 

measurement range of - 40 °C to +125 °C. The I2C bus (SCL and SDA) of SHTC3 sensor 

was connected to MCU I2C port PB6 and PB7 pin with the help of pull-up resistors R1 

and R2 as shown in Figure 3.5 to Figure 3.7.  

To reduce the power consumption during inter-circuit communication; the standard-

mode of I2C commination was used. The standard mode operates at 100 kHz 

frequency and provides a data rate of 100 kbit/s that is sufficient for this application. 

The standard mode operation has a maximum rise time (tR) of 1000 ns which is high 

in comparison to the fast mode (300 ns) and fast-mode plus (120 ns) operations 

[121].  

 

Figure 3.7: Schematic of the microcontroller unit (MCU). 
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This high-rise time (tR) of 1000 ns allows the use of larger values of pull-up resistors, 

and the calculated value for this application is 20 kΩ. Note that, both SHTC3 and 

ST25DV16K were sharing the same I2C bus to connect to MCU as shown in Figure 3.7. 

Two series registers (R10, R11 for SHTC3 and R7, R8 for ST25DV16K) of value 300 Ω 

have also been used to protect the I2C port from a high voltage spike [see Figure 3.2 

(a) and Figure 3.6].  

In order to manage the operation of the proposed battery-less NFC sensor, an ultra-

low-power MCU (STM32L031K6U6) from STMicroelectronics was chosen. The MCU 

performs serval tasks, such as process temperature and humidity sensor data, 

copying metadata from EEPROM location 0xA4 (written by smartphone using RF 

access) and creating NFC data exchange format (NDEF) text record (discussed in next 

section, section 3.2.4).  

The MCU supports four different oscillator clock sources namely, a high-speed 

internal (HSI) clock, a high-speed external (HSE) clock, a phase locked loop (PLL) clock 

and a multi-speed internal (MSI) clock. In the proposed NFC sensor design, the MSI 

clock source was used to drive the CPU clock (HCLK and FCLK) and the peripheral 

clock of the MCU. An added benefit of the MSI clock is that it is low power and low-

cost (no external components). The frequency range of the MSI clock was adjusted 

by modifying the MSIRANGE bit in the internal clock sources calibration register 

(RCC_ICSCR). The desired output clock frequency of the MSI clock source was 

ensured by factory calibration with 1 % accuracy. The MCU clock tree is discussed in 

section 3.2.4.1.  

The MCU programming and debug interface is shown in Figure 3.8 (a) and (b) and 

includes a 12 position flexible flat cable (FFC) connector from Molex, USA (part 

number: 5034801200) that connects with an external programming board from 

STMicroelectronics  (part number: ST-LINK/V2 ). In order to load firmware in the flash 

program memory of the MCU, the BOOT0 pin is connected to logic 0, i.e., ground, as 

shown in Figure 3.8 (a). After reset, the boot mode configuration is latched on the 

fourth rising edge of the system clock (SYSCLK). The software serial wire debug signals 

(SWCLK and SWDIO) were used to upload firmware and enable software debug. 



54 
 

 

(a) 

 

(b) 

Figure 3.8: Programmer hardware configuration (a) interface (b) status indicators. 

In addition, a connection for an external power source was also provided to power 

up the MCU during the firmware updates. Low power light emitting diodes (LEDs) 

were used to indicate debug status.  
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3.2.4 Firmware development  

As discussed in section 3.2.1, continuous data logging is not required for this work. 

Therefore, the proposed battery-less NFC sensor has two modes of operation 

namely, active and shutdown mode.  

 

Figure 3.9: NFC sensor transponder workflow diagram. 
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The NFC sensor firmware was developed with the help of a workflow diagram as 

shown in Figure 3.9. Initially, the smartphone provides wireless power to the NFC 

sensor. Upon power-up, RF activity information including field detection was sent to 

MCU using the GPO pin of the NFC radio.  

Then MCU and other electronics initiate the measurement process (active mode) 

when the average magnetic field strength (HAVG) exceeds the threshold magnetic 

field (HTH)  of 150 mA/m [122].  

Following that, the temperature (Temp) and relative humidity (RH) parameters were 

measured and read by the MCU. After measurement, the sleep mode of the SHTC3 

sensor was activated to minimize the peak power consumption. In addition, 

metadata7 was also read from EEPROM using I2C access and NDEF record was 

created by the MCU and written to the NFC radio’s EEPROM user area 1 (see Figure 

3.10 on next page). The type name format (TNF) “well-known” with text (T) record 

type was used to create an NDEF record (see Section 2.2.5 for further details). 

The memory organization of NFC sensor is shown in Figure 3.10. A capability 

container (CC) file manages the information related to the NFC Type-5 specification 

and enables RF access of the NFC sensor to any NFC Type-5 enabled smartphone 

[123]. For the NFC sensor design, a 4-byte CC file is used with a 1-byte address mode 

(Magic number bit = E1 in the CC file), which makes the NFC sensor compatible with 

a smartphone running on Android version 8 or lower. The memory organization also 

includes static registers located in system configuration area of EEPROM. The static 

registers are set during device configuration including the GPO function and energy 

harvesting default strategy. The content of the static registers is read during boot-

up. However, the dynamic registers, which used dynamic configuration of the 

EEPROM, are volatile and thus do not restore their content after booting. Finally, the 

measured sensor data and metadata were read upon receiving a command from the 

smartphone and data is displayed on the smartphone screen.  

                                                      
7

 Metadata of 44 bytes can be directly written in EEPROM from 0xA0 to 0xD0 location using 

RF (contactless) access.  
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Figure 3.10: NFC sensor memory (EEPROM) organization. 

3.2.4.1 Optimization of MCU power consumption  

This subsection describes the methods used to minimize the harvested DC power 

consumption of the proposed NFC sensor. It is known [91-93, 124] that the magnetic 

field strength decays proportionally to the cube of the distance between two 

mutually coupled coils (Smartphone Coil and NFC sensor coil).  
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In other words, there is a limit to the available harvested RF power for the NFC sensor 

for a given distance from the smartphone. The harvested DC power consumption of 

the NFC sensor is therefore of key interest and NFC sensor was optimized for low 

power operation as described below. The electrical characteristics of the MCU, NFC 

radio transceiver, temperature, and humidity sensor reported in the datasheet are 

summarized in Table 3.3. From Table 3.3 it can be observed that the overall DC power 

consumption for the main components is 11.07 mW using datasheet specified values 

[109, 110, 112]. In this case, the microcontroller has an estimated DC power 

consumption of 8.10 mW, which is 73.17 % of the overall DC power consumption for 

the NFC sensor and therefore needs to be optimized.  

Table 3.3: Electrical specifications for IC components (Table 2 of [1]). 

Component and part 
number 

Maximum 
Power 

consumption 
(mW) 

Operating condition 
Supply 
voltage 

range (V) 
Ref 

MCU 

(STM32L031K6U6) 
8.10 

VDD = 3.0,  

VCORE = 1.8, 

 fCLK = 16 MHz 

1.65 – 3.6 [110] 

NFC radio 

(ST25DV16K-JFR6D3) 
1.09 

VDD = 3.3,  

fC (I2C) = 1 MHz (< 50 ns), 

Write operation 

1.8 – 5.5 [109] 

Sensor (SHTC3) 1.88 
Low power mode,   

VDD = 3.3 
1.62 – 3.6 [112] 

Total estimated DC power consumption  =  11.07 mW 
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The DC power consumption of digital CMOS integrated circuits, such as MCUs, varies 

with the square of the supply voltage [125, 126]. In addition, the DC power 

consumption varies in direct proportion with the MCU clock frequency. For this NFC 

sensor design, both voltage and frequency scaling techniques have been used to 

minimize DC power consumption with detailed measurement information described 

in Chapter 4.  

 

Figure 3.11: Summary of microcontroller clock tree. 
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In addition to a supply voltage (VDD) of 1.8 V DC, an internal voltage regulator (VCORE) 

was configured to provide a lowest possible supply voltage of 1.2 V DC to the MCU 

core (voltage scaling). As shown in Figure 3.11, a low power multispeed internal (MSI) 

RC oscillator clock with a frequency of 1.028 MHz is used as a system clock and clock 

source for the I2C core. Furthermore, to match trade-off between computational 

speed and power consumption, the clock frequency to the CPU and peripherals was 

adjusted using an internal prescaler, which was used to reduce the clock frequency. 

As a result, the MSI RC oscillator frequency of 1.028 MHz was optimized to the lowest 

possible value of 0.524 MHz, and used as a clock source for the CPU (HCLK and FCLK). 

Other peripheral clocks, such as the advanced peripheral bus (APB) clock, were also 

optimized to the lowest possible value of 0.131 MHz and 0.065 MHz for APB1 and 

APB2, respectively. The lowest harvested DC power consumption was achieved with 

the MCU clock scheme shown in Figure 3.11, where CPU Clock (fCLK) = 0.524 MHz, I2C 

core input clock (fI2C_IN) = 1.028 MHz, VCORE = 1.2 V, and VDD = 1.8 V.  

3.2.5 Hardware prototype of NFC temperature and humidity sensor  

The printed circuit board (PCB) of the proposed NFC sensor was designed using a 

Mentor Graphics PADS version 9.2. Figure 3.12 show the fabricated hardware 

prototype of the developed solution, implemented in a PCB size of                                              

85.6 mm × 53.9 mm. The NFC loop antenna is shown on the left of Figure 3.12 (a). 

The inductive loop antenna was designed using an eDesignSuite tool from 

STMicroelectronics [127]. The designed NFC loop antenna has 7 turns, a trace width 

TW = 0.6 mm, turns spacing TS = 0.75 mm and a copper thickness of 35 µm that yields 

a measured inductance of 6.5 μH at 13.56 MHz. An integrated capacitance within the 

NFC radio transceiver connects in shunt with the loop antenna to form a parallel LC 

circuit with a nominal resonant frequency of 13.56 MHz. The MCU, Temperature 

(Temp) and relative humidity (RH) and LDO are also shown as well as the 

programming interface in Figure 3.12.  
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(a) 

 

(b) 

Figure 3.12: NFC sensor hardware prototype (a) top, (b) bottom side (Fig.3 of [1]). 
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Figure 3.13: Demonstration of wirelessly powered NFC sensor (Fig.4 of [1]). 

A 4-layer, 0.8 mm thick PCB stack-up was employed for this design with all 

components placed on the top layer to yield a planar structure for ease of later 

integration within the cardboard archive box. The developed NFC sensor also has the 

capability for continuous monitoring and data logging of temperature and relative 

humidity data when an optional coin-cell battery was included as shown in Figure 

3.12 (b). However, the coin-cell battery was not inserted and the inclusion of the 

data-logging functionality would be a valuable addition for future work through the 

addition of some additional Flash memory. 

Figure 3.13 demonstrates wireless power transfer and communication between the 

NFC sensor and smartphone. As shown in Figure 3.13, when the smartphone is placed 

within a distance of < 5 cm to the sensor, it enables the NFC sensor and temperature 

and relative humidity values with additional metadata was measured wirelessly, with 

no requirement for battery power on the sensor. Any smartphone with NFC type 5 

capability can operate the sensor as shown. The final optimized NFC sensor has a 

measured harvested DC power consumption of approximately 597 µW.  
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In order to measure the range of the wireless communication, a Samsung Galaxy S20 

smartphone was used. The maximum wireless communication range obtained for the 

NFC sensor was measured at approximately 5 cm in free-space (see Chapter 4 for 

further details).  

3.2.6 NFC sensor cost estimation 

The cost estimation includes all the necessary components that were used to develop 

the NFC sensor and summarized in Table 3.4. This cost estimate shows that the NFC 

sensor can be manufactured for approximately €4.91 per device in 10k quantities, as 

shown in Table 3.4. The cost estimate was based on quotations from an electronics 

components supplier, Digi-Key and a PCB manufacturer, PCBWay [128].  

Table 3.4: NFC sensor cost estimation at 10k quantities (Table S1 of [1]). 

Components Name Component Description / Part Number 
Cost per 

Sensor (€) 

Microcontroller STM32L031K6U6 1.16 

PCB PCB manufacturing and component 
assembly  

1.03 

Temperature and Humidity 
Sensor  

SHTC3 0.99 

NFC radio transceiver ST25DV16K-JFR6D3 0.54 

Programming Connector  FFC FPC 12 POS connector  0.40 

Capacitors X5R, 0402 package capacitors 0.19 

Connector Conn header 2 POS 2.54 mm 0.14 

Voltage regulator  STLQ015M18R 0.13 

Debug LED Indication LED VF = 1.8 V, IF = 1 mA 0.13 

MOSFET N channel MOSFET 25V  0.08 

Resistor 1/16W 0402, package resistor 0.06 

OR’ing Diode Schottky diode array  0.04 

Ferrite bead Ferrite bead 600 Ohm  0.02 

Total per unit cost of sensor at 10 thousand quantity (€) 4.91 
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3.3 Battery-less NFC Humidity Sensor Transponder 

After the development of the battery-less NFC sensor using commercial-off-the-shelf 

temperature and humidity sensors, the NFC sensor design was tailored to integrate 

a custom highly-sensitive humidity sensor. Figure 3.14 shows a block diagram of the 

battery-less NFC-enabled LIG/GO humidity sensor, in which the newly added or 

modified blocks for this design are highlighted in blue, and functionalities are 

described in this section.  

The humidity sensor was developed using Laser induced graphene (LIG) electrodes 

and fabricated by direct laser writing of polyimide films as reported in [129]. 

Polyimide films were “written” with a KKmoon compact automatic desktop laser-

engraving machine equipped with a laser with 3 W power and illumination 

wavelength of 450 nm. A glass slide was used as a rigid substrate to support the 

polyimide tape, which was irradiated at 30% laser power to obtain the designed spiral 

electrode structures by laser raster scanning. Obtained structures were washed with 

acetone, followed by isopropanol (IPA) and deionized (DIW) water to remove any 

residues from the laser engraving process.  

Spiral-like structures were used as interdigitated electrodes as shown in Figure 3.15. 

The overall pattern had a dimension of 150 mm2. Copper wires and Ag paints were 

used to connect the sensors to signal conditioning circuit. The humidity sensing layers 

were created by the drop casting of 150 μl graphene oxide (GO) on the LIG 

electrodes. The humidity sensor displayed a wide operating range (0 – 97% RH) and 

short response/recovery times. The optimized sensor consists of a 0.33 mg/mL GO 

drop-deposited on spiral LIG electrodes that exhibited high sensitivity up to                       

1800 pF/% RH at 22 ◦C, which is higher than previously reported LIG/GO sensors [3]. 

This development of a battery-less NFC enabled LIG/GO humidity sensor was carried 

out in close collaboration with the Nanotechnology group within Tyndall National 

Institute, Cork, Ireland responsible for the LIG deposition activity. The 

Nanotechnology group carried out the LIG/GO humidity fabrication. Additional 

information available regarding the process steps has been reported in [3]. 
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Figure 3.14: Block diagram of battery-less NFC-enabled LIG/GO humidity sensor. 

Figure 3.14 shows a block diagram of the battery-less NFC-enabled LIG/GO humidity 

sensor with an NFC-enabled smartphone to power the relative humidity sensor 

wirelessly. The developed sensor was connected to a capacitance-to-digital 

converter (CDC) which was further interfaced with a microcontroller unit (MCU) 

using the inter-integrated circuit (I2C) protocol, as shown in Figure 3.14. The NFC 

sensor system comprised an NFC loop antenna, with the smartphone providing 

wireless power to the sensor via inductive coupling. The CDC requires a minimum of 

2.1 V DC voltage. Therefore, in this design the low drop voltage regulator (LDO) was 

changed (STLQ015M21R) to obtain a regulated voltage of 2.1 V DC.  

 

Figure 3.15: Battery-less LIG/GO humidity sensor using NFC (Fig.7 of [3]). 
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Figure 3.16: Demonstration of battery-less LIG/GO humidity sensor (Fig.7 of [3]). 

The regulated voltage was used to power the CDC, MCU and NFC radio. On power-

up, the ambient relative humidity was sensed using the developed LIG electrode 

based humidity sensor. The humidity sensor’s change of capacitance was digitized 

using the CDC. In addition, the MCU first reads the digital values from the CDC then 

calculates the relative humidity. The measured relative humidity data was read using 

an NFC-enabled smartphone with the help of a read command, as illustrated in Figure 

3.16.  

In the NFC-enabled LIG/GO humidity sensor design, both voltage and frequency 

scaling techniques were used to minimize the harvested DC power consumption of 

the developed NFC sensor with the aim to maximize wireless communication range 

(see section 3.2.4.1). To achieve sub-mW DC power consumption, the NFC-enabled 

humidity sensor was designed with optimal settings, namely CPU clock (fCLK) = 0.524 

MHz, I2C core input clock (fI2C_IN) = 1.028 MHz, MCU core voltage (VCORE) = 1.2 V with 

a supply voltage (VDD) of 2.1 V.  
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As a result, the NFC-enabled LIG/GO humidity sensor required a peak DC power of 

900 µW. Furthermore, a Samsung Galaxy S21 smartphone was used to measure the 

wireless communication range, and a maximum range of 4.5 cm in free space was 

achieved.  

3.4 NFC Sensor with Improved Wireless Communication Range 

The wireless communication range of the battery-less NFC sensor depends on several 

factors, such as power transmitted by the reader, antenna size, coupling between 

the NFC reader and transponder antenna, air interface standard and power 

consumption of the NFC sensor. As discussed earlier in section 3.2.5, with a NFC type 

5-enabled smartphone as a reader, a maximum wireless communication range of 

approximately 5 cm can be achieved. As the battery powers the NFC electronics 

associated with the NFC sensor, the power harvested through the NFC aids in 

communicating the data-modulated signal. However, the degradation of the battery 

life owing to thermal/mechanical stress as well as chemical reactions pose a great 

challenge in the usage of batteries for NFC sensor nodes. Hence, assisting the NFC 

sensor with an energy harvester to power the electronics (instead of a battery) and 

to enhance the range of communication appears to be a viable approach that would 

open wider fields of wireless sensing application. In this NFC sensor design, the 

mechanical energy harvesting capability of the vibration energy harvester (VEH) is 

used to assist in powering the NFC sensor. 

The resonant FR4 based concertina shaped VEH was developed to power the NFC 

sensor [2]. The developed VEH comprises interleaved springs that were connected in 

series, building a concertina shape that exhibits a large amplitude of displacement 

(2.5 mm) within a small footprint of 9 cm3 when subjected to external excitation. 

Owing to this enhanced out-of-plane (vertical) compliance, the VEH offers a power 

density of 455.6 μW/cm3g2 when operating at resonance (75 Hz). This makes the 

concertina shape VEH a potential candidate for assisting the developed low power 

NFC sensor node.   
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Figure 3.17: Block diagram of the NFC sensor assisted with the VEH (Fig. 8 of [2]). 

The development of the VEH assisted NFC sensor was completed in close 

collaboration with the Micropower-Nanomagnetics group within Tyndall National 

Institute, Cork, Ireland and the Micropower-Nanomagnetics group carried out the 

development of the VEH. Additional information available regarding the VEH design 

and development steps has been reported in [2]. The functional block diagram of the 

VEH assisted NFC sensor is shown in Figure 3.17 and Figure 3.18 shows NFC sensor 

along with the AC-DC rectification unit. 

 

Figure 3.18: NFC sensor with the AC-DC rectification stage (Fig. 8 of [2]). 
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By connecting the VEH energy harvester, the RF energy harvested from the 

smartphone can be focused to facilitate the wireless communication of the data 

acquired by the NFC sensor back to the smartphone. The VEH would act as a 

sustainable power source that offers the capability of continuously providing power 

to the electronics interface to support the NFC sensor hardware, as a replacement of 

batteries that only offer limited lifetime. To allow for an extraction of sufficient 

electrical energy, even from a low amplitude vibration, a double-stage voltage 

multiplier circuit comprising of two capacitors (10 μF each) and two diodes (Small-

signal Schottky Diode, part number BAT85-T/R) was employed for the rectification of 

the incoming AC signal from the VEH. Following the rectification stage, a 560 μF, 20V 

conductive polymer aluminium solid capacitor (SEPF series) was added to store the 

energy and to supply it to the NFC sensor hardware circuitry when required. 

 

Figure 3.19: Demonstration of VEH assisted NFC sensor (Fig. 9 of [2]).  
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For lower (0.2 g) amplitudes of mechanical excitation, the VEH generates 164 µW of 

DC power and the storage capacitor provides a steady DC supply to the NFC sensor. 

However, for moderate acceleration levels (0.6 g), the concertina shaped VEH 

generates considerably large power (1.2 mW) that making the capacitor redundant 

for steadily powering the sensor electronics due to harvested DC power from VEH is 

greater than required DC power. The voltage regulator was activated upon receiving 

a minimum voltage of 2.6 V from the VEH. This regulator then provides a steady 1.8 

V DC supply to the rest of the associated sensor electronics (see section 3.2.3.2). To 

maintain the overall footprint of the system small, the voltage multiplier circuit along 

with the storage capacitor was implemented on a PCB board mounted on top of the 

remaining electronics of the NFC sensor node with a vertical spacer. For the VEH 

assisted NFC sensor design, a voltage and frequency scaling method was used, which 

is discussed in 3.2.4.1. In this experimental setup, an NFC-enabled smartphone was 

used to measure the wireless communication range, and a maximum range of             

11 cm in free space was achieved as shown in Figure 3.19 (described in Chapter 4).  

3.5 Integration of the NFC Sensor within an Industry Standard 

Archive Box 

The primary motivation for integrating the NFC sensor (discussed in section 3.2 and 

shown in Figure 3.12) within a museum archive enclosures is to quantify and measure 

the temperature and relative humidity conditions inside the archive box itself, 

without having to open the box and disturb the environment. For the successful 

integration of NFC sensors into archive boxes, the following requirements need to be 

fulfilled:  

1. The NFC sensor needs to be directly exposed to the “packed air” in contact 

with the stored museum artefact within the box. 

2. The measurement of temperature and relative humidity needs to take place 

at a position that ensures the most representative environmental data within 

the box. 

3. The NFC sensor is required to be readily accessible for wireless reading using 

the smartphone, even when the boxes are stacked upon each other or lined 

up together. 
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4. The NFC sensor is required to be wirelessly connectable even through 

multiple layers of cardboard box material.  

5. The NFC sensor needs to be protected from direct contact with the packed 

goods within the box to prolong its useful life. 

6. The NFC sensor needs to be integrated without the use of adhesives to avoid 

contamination of the atmosphere inside the box.  

The NFC sensor system described in this work focuses on a commonly used standard 

“telescope box8” [130] with an interior size of 10.5 x 25.4 x 33.7 cm3 and the following 

descriptions illustrate the methodology to meet the NFC sensor integration 

requirements as is shown in Figure 3.21.  

Although the storage of objects within archive boxes usually aims to maximize the 

utilization of the available space, this often leaves little residual volume of 

atmosphere around the artefact due to the use of standard sized boxes that are 

manufactured in large quantities. It is therefore advantageous to expose the sensor 

to a residual or “dead” space environment that is directly interacting with the stored 

artefact.  

 

Figure 3.20: Packed archive box with integrated NFC sensor (Fig. 5 of [1]).  

                                                      
8 The telescope box is the cardboard box with a two-piece box in which the sides of one 

part fit over those of the other.  
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In addition, the positioning of an NFC sensor on the interior of the box needs to 

provide a convenient means for an operator to read the sensor using a smartphone, 

without having to move the boxes when they are laid horizontally on the top of the 

other or stored vertically alongside each other. The boxes’ front side, which directly 

faces the operator, was therefore chosen for the installation of the NFC sensor, since 

it provides a convenient means to read the NFC sensor by simply placing the 

smartphone close to the surface of the archive box. 

 

                               (a)                                                                  (b) 

  

(c)                                       (d)                                                       (e) 

Figure 3.21: Integration (a)-(c) integrated view (d) cavity (e) label (Fig. 6 of [1]). 
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Protection of the sensor from direct contact with the packed object (and vice-versa) 

can be provided by incorporating an additional cover layer of material, as illustrated 

in Figure 3.20. The NFC sensor was placed in a shape-specific recess in one of the 

fastening flaps “(X)”, as shown in Figure 3.21 (a) and (b), which were folded inside to 

be covered by the front flap “(Y)”.  

This location represents the operator-facing front side of the box and the sensor 

faces towards the interior space to sample the environmental conditions within the 

box. An aperture on flap “(Z)” is indicated by the arrow in Figure 3.21 (a) is used to 

position the temperature and humidity sensor in air contact within the box. For any 

particular NFC sensor size and sensor location, the recess in flap “(X)” and the 

position of cavity “(Z)” can be customized. The integration of the upright NFC sensor 

shown best fulfils the requirement number 2 but is, however, limited to telescope 

boxes having a height of 9 cm and flap boxes having a width of 5 cm minimum, 

according to the NFC sensor size. A label indicating the location of the NFC sensor is 

used to guide the operator to position the smartphone during a NFC sensor read 

operation.  

The sensor integration described allows for a reliable detection of microclimates 

within the archive box to which the artefact is exposed. While its unhindered 

exposure to the enclosed atmosphere was ensured, the direct physical contact 

between the sensor and the stored object is avoided. This not only protects the 

artefact from the electronics, but also protects sensitive electronic components and 

circuits. A straightforward and simple construction of the collapsible enclosure is 

presented, comparable to conventional archive boxes, which are well known to 

conservators. It does not require any additional components or adhesives and can be 

offered as a low cost uncomplicated modular system of ‘box + sensor’. With this 

interdisciplinary approach, the proposed battery-less archive box with integrated 

NFC sensor enables a low-cost, long term and intelligent solution for artefact storage 

and monitoring.  
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3.6 Conclusions 

This chapter presents, for the first time, a novel smart archive box for microclimate 

monitoring in museum artefact storage applications. The developed NFC sensor does 

not require a battery and is wirelessly powered using a standard smartphone. A low-

cost prototype of the battery-less NFC sensor was successfully developed and 

demonstrated. The developed NFC sensor is uniquely integrated (without using 

adhesive) in a low-cost cardboard archive box for real-world deployments.  

The developed NFC sensor has also been optimized for low power operation using 

voltage and frequency-scaling techniques, leading to a peak harvested DC power 

consumption of 597 µW. Wireless communications performance tests on the 

prototype sensor show a maximum range of 5 cm, using a Samsung Galaxy S21 

smartphone.  

The developed battery-less sensing solutions are especially beneficial for small and 

middle-size museums with critical or inappropriate storage climates and budget 

constraints that preclude the use of expensive air conditioning systems. The 

developed smart archive box in this chapter, for the first time, enables accurate 

microclimate environmental monitoring without the need for movement or opening 

of the archive box with no battery replacements being required. This feature is 

especially advantageous for museum conservators to readily monitor and reduce the 

risk of degradation of valuable Cultural Heritage artefacts in storage.  

In addition, highly sensitive and ultra-responsive humidity sensors based on 

graphene oxide (GO) active layers and LIG electrodes was integrated with an NFC 

sensor transponder to function as a wireless, battery-less humidity sensor platform 

for museum artefact monitoring. The NFC humidity sensor design has also been 

optimized for low power operation with a measured peak harvested DC power 

consumption of 900 µW while yielding a 4.5 cm wireless communication range.  
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Finally, a battery-less vibration energy harvester (VEH) assisted NFC sensor 

transponder was developed and demonstrated. A wireless communication range of 

the battery-less VEH assisted NFC sensor transponder was measured with NFC-

enabled smartphone and maximum wireless communication range of 11 cm in free 

space was achieved.  
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Chapter 4:  Battery-less NFC Sensor Characterisation 

and Deployment   

 

4.1 Background 

In Chapter 3, the development of three types of battery-less NFC sensor transponder 

prototypes were presented:  

1. NFC temperature and humidity sensor 

2. NFC-enabled LIG/GO humidity sensor  

3. Vibration energy harvester (VEH) assisted NFC sensor transponder  

In addition, Chapter 3 also presented a fully integrated smart artefact storage box 

and featuring wirelessly powered temperature and humidity sensing for museum 

artefact monitoring. 

This chapter presents the performance measurement and characterization of the 

three battery-less NFC sensors transponders. The key measurement parameters 

include RF receiver sensitivity (i.e., the RF power level required for the NFC sensor to 

be able to respond to the command from the reader), DC power consumption, 

wireless communication range, and temperature and humidity sensing accuracy.  

In addition, the NFC temperature and humidity sensor was successfully 

demonstrated to the project stakeholders during three APACHE project public 

training events, which were held in Paris (France), Turin (Italy) and Budapest 

(Hungary). Finally, the NFC temperature and humidity sensor (also referred to as NFC 

sensor) is currently deployed in Cork Public Museum, Cork, Ireland, in the 

Guggenheim museum, Venice, Italy and Fondazione Scienza e Tecnica (FST) in 

Florence, Italy with museum catalogue number 1588.  

The NFC sensor performance parameters presented in this chapter have been 

reported in [1-3].   
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4.2 NFC Sensor Characterization  

This section presents the performance measurement of the developed NFC sensor. 

The accuracy of temperature and relative humidity sensor measurements is 

compared against a calibrated standard. In addition, the result of various 

characterization and performance parameters for the NFC sensor transponder 

including, RF receiver sensitivity, resonant frequency (also referred as center 

frequency), DC power consumption and wireless communication range of the NFC 

sensor are also presented. 

4.2.1  Measurement Setup  

The RF performance of the developed NFC sensor was characterized using an 

industry standard Tagformance Pro measurement system from Voyantic Ltd, Finland 

[131]. Tagformance is a radio frequency identification (RFID) and NFC measurement 

system developed by Voyantic for evaluating the RF performance of the transponder 

[131]. Figure 4.1 shows block diagram of the NFC sensor characterization setup, 

which includes Tagformance Pro, NFC reader Antenna (Part Number: C145), distance 

control kit and laptop with software interface, i.e., Tagformance HF [131]. 

As discussed in Chapter 2, in a typical battery-less NFC sensor system, the RF carrier 

signal generated by the reader is used to power the NFC sensor transponder.  

 

Figure 4.1: Block diagram of the NFC sensor characterization setup.  
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In order to send commands to the NFC sensor transponder, the reader modulates 

the carrier signal. Then, in turn, the NFC radio transceiver modulates the signal 

reflecting from it using load modulation. To evaluate the performance of the NFC 

sensor transponder, Tagformance uses dedicated commands that are defined by the 

ISO/IEC 14443 and ISO/IEC 15693 standards, i.e., Inventory and Read Single Block. 

After sending a command, the Tagformance acts as a time-domain network analyser 

that also provides a carrier signal for the transponder and records the backscattered 

response. To visualize the measured parameters, the measurement system uses a 

dedicated software interface running on a computer, as shown in Figure 4.1 [131]. 

Figure 4.2 shows the measurement setup for characterizing the key parameters, such 

as RF receiver sensitivity, load modulation and wireless communication range of the 

sensor in free space i.e., before integrating the sensor into an archive box.   

 

Figure 4.2: NFC sensor characterization in free space using Voyantic Tagformance. 
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Figure 4.3: NFC sensor characterization after integration within archive box. 

The measurement setup of the NFC sensor after integrating within an archive box is 

illustrated in Figure 4.3. For both cases, the measurement setup includes the 

Tagformance pro, distance control kit and laptop.  

4.2.2 NFC sensor RF receiver sensitivity measurement 

This sub-section describes the measured RF receiver sensitivity of developed NFC 

temperature and humidity sensor. The RF receiver sensitivity of NFC sensor 

determines the minimum RF power level that is required for the NFC sensor to 

respond to the command from the reader (in this case, Read Single Block command).  

The RF receiver sensitivity of NFC sensor was measured by a performing transmit 

power sweep from -10 dBm to + 25 dBm in the frequency range of 10 MHz to 20 

MHz. In order to measure the RF sensitivity, the wireless communication distance 

between the reader antenna (C145) and the NFC sensor was set to 3 cm in both cases 

i.e., NFC sensor in free space and after integration within the archive box.  
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Figure 4.4 shows the measured RF receiver sensitivity result. In free space, the NFC 

sensor requires a minimum magnetic field strength (HMIN) of 67.8 mA/m at 13.74 MHz 

to be able to respond to the reader command from the reader and ensures the NFC 

sensor is readable by the reader. In addition, when the NFC sensor was integrated 

within the archive box, the NFC sensor requires a minimum magnetic field strength 

(HMIN) of 87.6 mA/m at 13.59 MHz. The Tagformance software algorithm then 

calculates the centre frequency (fC) and quality factor (Q) of the NFC sensor with the 

help of the measured HMIN. As defined in the Tagformance technical manual [131], 

the threshold value of √2 𝐻𝑀𝐼𝑁 is used by the Tagformance software algorithm to 

calculate the minimum frequency (fMIN) and maximum frequency (fMAX). Then the 

centre frequency (fC) is calculated for both cases using Equation 4.1. 

𝑓𝐶 =  
𝑓𝑀𝐼𝑁 +  𝑓𝑀𝐴𝑋

2
                                                           (4.1) 

 

Figure 4.4: Measured RF receiver sensitivity, - 3dB bandwidth and fC.   
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As evident from Figure 4.4, the calculated fC in free space is 13.74 MHz. However, 

after integration within the archive box, the calculated centre frequency (fC’) is               

13.59 MHz, which is close to the required centre frequency of 13.56 MHz with a 

difference of 30 kHz.  

The centre frequency (also referred to as resonant frequency, fR, in this case) of the 

NFC sensor was decreased by 0.15 MHz after integration within the archive box            

(fC - fC’). This reduction in the fR can be described by the expression shown in Equation 

4.2.   

𝑓𝑅 =  
1

2𝜋 √𝐿 (𝐶𝐼𝐶 + 𝐶𝑃 +  𝐶𝑇 )
                                            (4.2) 

Where L is the inductance of NFC loop antenna in Henrys and CIC is the internal 

capacitance of NFC radio in Farads. Parameter CP is the parasitic capacitance, which 

includes the parasitic capacitance of the loop, and CT is the external capacitor that 

may required to adjust the fR to the operation frequency. However, as shown in 

Figure 3.2(b) in Chapter 3, the external tuning capacitor CT was not used in the NFC 

sensor design presented in this thesis.  

The placement of the archive box close to the NFC sensor increases the inter-turn 

capacitance (CP) of the NFC loop antenna [132]. This leads to reduction in the 

resonant frequency as given by equation 4.2.   

The tagformance software algorithm uses the expression shown in Equation 4.3 to 

calculate the quality factor (Q) and -3 dB bandwidth (BW) of the NFC sensor [131, 

133]. 

𝑄 =   
𝑓𝐶

𝐵𝑊
 =  

𝑓𝐶

𝑓𝑀𝐴𝑋 −  𝑓𝑀𝐼𝑁
                                            (4.3) 

The measured and calculated performance parameters of the NFC sensor are 

summarized in Table 4.1. 
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Table 4.1: Comparison of the NFC sensor performance parameter with ISO15693. 

Parameter Free space  
Integrated 

within Archive 
box 

Required value as per 
ISO/IEC 15693 air 

interface & initialization 
standard  

Minimum magnetic field 

strength (mA/m) 
67.8  87.6  150 [122] 

Centre frequency, fC (MHz)  13.74  13.59  13.56  [122] 

Quality Factor at fC 11.80 11.91 Not Specified 

-3 dB bandwidth (MHz) 1.16 1.14 0.9089 [122] 

This comparison table shows that the performance of the developed NFC sensor is in 

agreement with the ISO/IEC 15693 air interface and initialization specification [122].  

4.2.3 DC power consumption 

In order to decrease the harvested DC power consumption of the developed NFC 

sensor, voltage and frequency scaling techniques have been employed as discussed 

in Chapter 3. Table 4.2 and Figure 4.5 summarize the measured DC power 

consumption as a function of microcontroller (MCU) voltage and clock frequency. As 

summarized in Table 4.2 and depicted in Figure 4.5, a measured DC power 

consumption of 12.01 mW was observed at the first design iteration with the 

following clock and voltage settings: Supply voltage (VDD) = 3.3 V, MCU core voltage 

(VCORE) = 1.8 V, MCU clock source = high speed internal (HSI) RC oscillator, CPU clock 

(fCLK) = 16 MHz and I2C core input clock (fI2C_IN) = 16 MHz. In the second iteration, VDD 

was reduced to 1.8 V (with VCORE = 1.8 V, MCU clock source = HSI, fCLK = 16 MHz and 

fI2C_IN = 16 MHz) reducing the DC power consumption to 6.18 mW. 

 

                                                      
9

 When two subcarriers are used where the first subcarrier frequency (fS1) = fC/32 = 423.75 

kHz, and the second subcarrier frequency (fS2) = fC/28 = 484.28 kHz, this gives a resultant 

bandwidth of 0.908 MHz.  
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Table 4.2: DC power consumption with MCU voltage and frequency scaling. 

Design 
Iteration 

MCU 
Clock 

Source  

fCLK 

(MHz) 
fI2C_IN 

(MHz) 
VDD (V) VCORE (V) 

Measured DC 
Power 

Consumption 
(mW) 

1 HSI 16 16 3.3 1.8 12.01 

2 HSI 16 16 1.8 1.8 6.18 

3 HSI 8 8 1.8 1.5 3.47 

4 MSI 4.192 4.192 1.8 1.5 1.79 

5 MSI 2.096 2.096 1.8 1.2 1.03 

6 MSI 0.524 0.524 1.8 1.2 0.597 

 

Further, design iterations changed the clock source to use a low power multi-speed 

internal (MSI) RC oscillator, reducing the clock frequency and core voltage as shown 

in Figure 4.5. The lowest DC power consumption was achieved at fCLK = 0.524 MHz, 

fI2C_IN = 1.024 MHz, MCU clock source = MSI, VCORE = 1.2 V, and VDD = 1.8 V.  

 

Figure 4.5: Measured DC power consumption with voltage and frequency scaling. 
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The final optimized NFC sensor has a measured DC power consumption of 

approximately 597 µW when the smartphone was placed at a distance of 

approximately 2 cm from the NFC sensor. As shown in Figure 4.5, the use of the 

described frequency and voltage scaling techniques enable a factor of greater than 

20 reduction in DC power consumption for the NFC temperature and humidity 

sensor.  

As discussed in Chapter 3, the vibration energy harvester (VEH) assisted NFC sensor 

also operates at optimal settings for low power, namely fCLK = 0.524 MHz,                           

fI2C_IN = 1.024 MHz, VCORE = 1.2 V, and VDD of 1.8 V and consume DC power 

consumption of 597 µW.  

Similarly, The NFC-enabled LIG/GO humidity sensor was also designed with optimal 

settings, namely fCLK = 0.524 MHz, fI2C_IN = 1.024 MHz, VCORE = 1.2 V, and VDD of 2.1 V. 

As a result, the NFC-enabled LIG/GO humidity sensor required a peak DC power of 

900 µW. 

4.2.4 Wireless communication range measurements  

This section describes the wireless communication range of the developed battery-

less NFC sensor, as described below.   

4.2.4.1 Wireless communication range measurement using Tagformance  

The wireless communication range of the NFC sensor in free space and after 

integration within the archive box was also measured using the measurement setup 

discussed in section 4.2.1. In order to automatically adjust the wireless 

communication range, a distance control kit within the Tagformance pro was used, 

as shown in Figure 4.2 and Figure 4.3. To measure the wireless communication range 

of the NFC sensor, the Tagformance was configured with the following parameters: 

(a) Wireless communication range sweep = 1 cm to 18 cm with a resolution of                 

0.1 cm, (b) Transmit power level = + 25 dBm, (c) Modulation Index = 100 %, (d) 

Command = Read single block, and (e) centre frequency (fC) = 13.74 MHz for free 

space and 13.59 MHz for within archive box case.  
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For each wireless communication range distance settings i.e., 0.1 cm from 1 cm to         

18 cm received signal strength (also referred to as load modulation or load 

modulated signal) of the NFC sensor was recorded. In this case, the load modulation 

is a modulated carrier signal that is reflected or returned from the NFC sensor in 

response to the “read single block” command. The measured wireless 

communication range of the NFC sensor as a function of received signal strength is 

shown in Figure 4.6. It is evident from Figure 4.6 that a wireless communication range 

of approximately 16.4 cm for the free space case and 14.9 cm for the archive box 

integration case was achieved. Note that the NFC sensor was integrated on the inner 

wall of the archive box which has a thickness of approximately 1.5 cm, as illustrated 

in Figure 3.21, in Chapter 3. 

  

Figure 4.6: Wireless communication range measurement.   
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4.2.4.2 Wireless Communication Range Measurement using a smartphone 

The wireless communication range of the NFC sensor was also measured using a 

Samsung Galaxy S20 smartphone. The low power consumption of the NFC sensor i.e., 

597 µW yields a wireless communication range of approximately 5 cm in free space. 

Using the same smartphone, a wireless communication range of 3.5 cm was achieved 

when the NFC sensor was integrated within the archive box and the range was 

measured from the outside, as shown in Figure 4.7.  

  

Figure 4.7: Measured wireless communication range using smartphone. 
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4.2.4.3 Wireless communication range of VEH assisted NFC sensor 

As described in Chapter 3, in this work an NFC-enabled smartphone was mainly used 

to provide wireless power to the battery-less NFC temperature and humidity sensor. 

The power received from the smartphone is partly used to power the electronics in 

the NFC sensor. The RF signal strength left for the latter then determines the strength 

of the load modulated signal or equivalently, the communication range of the NFC 

sensor.  

The battery-less NFC temperature and humidity sensor discussed in Chapter 3, 

Section 3.2 provides a wireless communication range of 5 cm using the smartphone 

as a reader when not connected to any additional energy source such as battery. In 

addition, as discussed in Chapter 3, Section 3.4, a vibration energy harvester (VEH) 

was used to power the NFC sensor and also to enhance the wireless communication 

range. Figure 4.8 shows the variation of the deliverable power of the VEH as a 

function of the amplitude of excitation. The DC power (PLOAD) required by the NFC 

sensor hardware to be fully functional is measured to be 597 µW. It is noted that with 

a 0.2 g drive amplitude, DC power (PHAR) of 164 µW was harvested. Such a low 

amplitude of excitation is investigated to be sufficient to power up the NFC sensor 

leading to an increased wireless communication range, though with a storage 

capacitor (CSTORAGE) of 560 µF [2]. It is interesting to note that by further increasing 

the amplitude of excitation to 0.6 g, the VEH provides substantial energy, which 

drives the NFC sensor autonomously. In this case, the storage capacitor at this stage 

would no longer be required to store and supply energy to the circuitry associated 

with the NFC sensor.  
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Figure 4.8: Measured DC power consumption when excitation varied (Fig. 8 of [2]). 

Additional measurement-based information regarding the NFC sensor operation 

with various vibration levels, from 0.2 g to 0.6 g, has been reported in [2].  From 

Figure 4.8 it is evident that, the VEH is capable to provide required power to NFC 

sensor. Therefore, the NFC sensor can retain the RF signal strength from NFC reader 

only for wireless communication. As a result, the NFC sensor provides an improved 

wireless communication range, i.e., 11 cm, as shown in Figure 4.9.  
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Figure 4.9: Measured wireless communication range (Fig. 10 of [2]). 

4.2.5 Accuracy of temperature and relative humidity measurement  

In order to determine the accuracy of the developed prototype sensor, the measured 

temperature and relative humidity values have been compared with a calibrated 

Fluke 971 temperature and humidity meter [134]. The testing was performed in the 

test setup shown in Figure 4.10 using an insulated pinewood enclosure [135, 136]. 

The NFC and Fluke 971-meter sensors were placed in close proximity within a 

distance of 2.5 cm. Initially, the NFC sensor, along with the smartphone and Fluke 

971 meter was placed within the enclosure for a period of 60 minutes. During NFC 

sensor measurements, the transparent lid of the pinewood box was removed and 

the smartphone was placed over the NFC sensor to capture the measured 

temperature and relative humidity level within a period of less than one minute. The 

measured temperature and relative humidity level for the Fluke 971 meter were also 

recorded. Using this approach, 10 measurements for temperature and relative 

humidity were taken over a one-hour period.  
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Figure 4.10: NFC sensor characterization setup (Fig. 7 of [1]). 

During measurements, the ambient lab temperature and relative humidity varied 

from 24.6 °C to 26.5 °C and 59.9 % to 63.8 %, respectively. The measured 

temperature and relative humidity errors between the NFC and calibrated meter 

measurements are shown in Figure 4.11. Figure 4.11 (a) shows that a minimum error 

of 0.2 °C and a maximum error of 0.6 °C was recorded. Similarly, the measured 

relative humidity results are shown in Figure 4.11 (b) with a minimum error of 0 % 

and maximum error of 0.7 % being recorded. The measured results show that the 

NFC sensor exhibited a temperature and relative humidity mean error of ± 0.37 °C,   

± 0.35 %, respectively. In Figure 4.11, the blue square symbols denote the mean error 

value. The mean error was calculated using the expression shown in Equation 4.4. 

𝑀𝑒𝑎𝑛 𝑒𝑟𝑟𝑜𝑟 =  
∑ 𝑀𝑒𝑎𝑠𝑢𝑟𝑚𝑒𝑛𝑡 𝑒𝑟𝑟𝑜𝑟𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠
                                 (4.4) 
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                                                        (a) 

     

                                                    (b) 

Figure 4.11: Accuracy testing (a) temperature (b) relative humidity (Fig. 8 of [1]). 

  

1 2 3 4 5 6 7 8 9 10
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

Te
m

p
e

ra
tu

re
 E

rr
o

r 
 (

°C
)

Measurement Number

1 2 3 4 5 6 7 8 9 10
-1.00

-0.75

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

 R
e

la
ti

ve
 H

u
m

id
it

y 
Er

ro
r 

(%
)

Measurement Number



92 
 

The temperature accuracy of the developed NFC sensor was also characterized over 

a range of 6.8 to 50.6 °C. The testing was performed in the setup shown in Figure 

4.12 using a cardboard box. As shown in Figure 4.12 (a) and (b), the sensing part of 

the Fluke 971 is inserted inside a cardboard box. In addition, the NFC sensor is 

integrated within the cardboard archive box, and a small aperture is created for 

temperature sensing, as depicted in Figure 4.12 (b). The Fluke 971-meter and NFC 

temperature sensors were placed in close proximity within a distance of 2.5 cm. 

During the measurements, the lid of the cardboard box was closed, and temperature 

was varied from 6.8 to 50.6 °C. The temperature of the NFC sensor was scanned from 

outside of the box, as shown in Figure 4.12 (a), simultaneously the Fluke 971-meter 

temperature measurement was recorded. Using this approach, 21 individual 

measurements were taken, and the temperature value of the NFC sensor was 

compared with the Fluke 971 meter recording. The measured temperature result is 

shown in Figure 4.13 with a minimum error of 0.2 °C and a maximum error of 0.6 °C 

being recorded. The above results show that the NFC sensor exhibited a mean error 

of ± 0.34 °C in temperature. As shown in Figure 4.13, the blue square symbols denote 

the mean error value.  

As reported in [112], the temperature and humidity sensor (SHTC3) covers a 

temperature range from -40 °C to 125 °C (typical accuracy = ±0.2 °C for 0 °C to 60 °C). 

 

                                          (a)                                                                (b) 

Figure 4.12: NFC sensor measurement setup (a) outside (b) inside view (Fig. S1 of [1]). 



93 
 

  

Figure 4.13: NFC sensor temperature comparison with a Fluke 971 (Fig. S2 of [1]). 

Similarly, the humidity sensor covers a relative humidity range of 0 % to 100 % 

(typical accuracy = ±2 % for 20 % to 80 % at temperatures of 25 °C [112]).  

4.3 Performance Evaluation of the NFC sensor  

Table 4.3 shows a performance comparison of the developed the developed NFC 

sensor transponder with the state-of-the-art NFC sensor transponders to identify the 

performance improvements that the developed NFC sensor has enabled compared 

with other works in this research area. It is evident from Table 4.3 that the DC power 

consumption of the developed NFC sensor is the lowest in comparison with reported 

NFC sensor transponders in literature [28]. In addition, the wireless communication 

range of developed NFC sensor is the largest compared with the literature.  

Note: Table 4.3 is sorted in increasing order of wireless communication range in 

column G. 
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Table 4.3: Comparing NFC sensor performance with the literature. 

A B C D E F G H 

Ref 

RFID  

Air 
Interface 

Integrated 
processing 

unit 

MCU 
clock 
(MHz) 

Tag Coil 
Size 

(mm) 

DC Power 
consumption 

(mW) 

Range 
(cm) 

Sensing 
parameters 

[22] ISO14443 No 1 12 × 16 1.74 0.8 Pressure  

[23] ISO14443 No 1 ⌀ 26 1.72 1 Skin moisture & 
Ultraviolet light  

[77] ISO14443 No  1 ⌀ 26 NA10 1 Skin moisture  

[24] ISO14443 No  NA 35 x 25 1.8 1 ECG & sweat 
pH  

[28] ISO14443 No  NA 10 × 5 0.9 1 Arterial SPO2 & 
Temperature  

[29] ISO15693 No 1 25 x 25 NA 1.4 Moisture  

[25] ISO15693 No 1 50 x 50 5.29 1.8 pH 

[26] ISO14443 No  NA 43 × 58 4.45 1.9 Carbon dioxide  

[7] ISO15693 No  1 50 x 50 3 2 
Soil moisture, 
RH 
Temperature 
&   

[9] ISO15693 No  1 50 x 50 5.29 2 Color   

[30] ISO14443 Yes  NA 45 × 30 NA 2 Ascorbic acid 

[10] ISO15693 No  1 50 x 50 8 1.9 Color    

[31] ISO15693 Yes NA 70 x 70 NA 3 pH  

[84] ISO15693 Yes NA 34 × 46 1.3 3 Blood flow 

[27] ISO15693  No 1 35 × 35 2.1 3 Water minerals  

[83] ISO15693 Yes NA 25 x 35 NA 4 pH  

[82] ISO15693 Yes NA 26 × 26 NA 4.3  Strain & 
Temperature 

This 

Work11 
ISO15693 No 0.524 49 × 59 0.597 11 Temperature, 

Humidity 

 

                                                      
10 NA = Information not reported in literature   
11

 Vibration energy harvester (VEH) assisted battery-less NFC sensor  
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4.4 Demonstration and Deployment  

This section describes the demonstration and deployment of the developed battery-

less NFC sensor.   

4.4.1 Demonstration of battery-less NFC sensor to stakeholders  

The developed battery-less NFC sensor was practically demonstrated to stakeholders 

in three public training events organized by the APACHE project and host European 

museums.  

 

(a) 

 

(b) 

Figure 4.14: Demonstration in (a) Paris, France, (b) Turin, Italy. 
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The first public training was held at Musée du quai Branly – Jacques Chirac, Paris, 

France on 2nd and 3rd September 2021 and was organized by the APACHE project and 

Musée du quai Branly–Jacques Chirac, Paris. A photograph of the practical 

demonstration of the NFC sensor to museum conservators and conservation 

scientists during the first public training is depicted in Figure 4.14 (a). Additional 

information regarding the training has been reported in [137]. Similarly, the NFC 

sensor demonstrated in the second public training, which was held in Centro 

Conservazione e Restauro "La Venaria Reale" Venaria Reale, Turin, Italy on 2nd and 

3rd December 2021. The practical demonstration of the NFC sensor to stakeholders 

during this training is shown in Figure 4.14 (b), and further information has been 

reported in [138]. Lastly, on 29th June 2022, the NFC sensor was also demonstrated 

to stakeholders in the final public training, which was held in the Hungarian National 

Museum, Budapest, Hungary [139]. Table 4.4 summarizes the details of the NFC 

sensor demonstration events.  

Table 4.4: Summary of NFC sensor demonstration events. 

Event Name Organizers 
Demonstration 

Method 
Location Ref 

First APACHE 

public training  

APACHE project and 

Musée du quai Branly– 

Jacques Chirac, Paris 

Theoretical 

presentation 

followed by 

Practical 

demonstration 

Paris, France [137] 

Second 

APACHE public 

training 

APACHE project and 

Centro Conservazione e 

Restauro "La Venaria 

Reale" Venaria Reale, 

Turin 

 

Theoretical 

presentation 

followed by 

Practical 

demonstration 

Turin, Italy  [138] 

Final APACHE 

public training 

APACHE project and 

Hungarian National 

Museum, Budapest 

Practical 

demonstration 

Budapest, 

Hungary 
[139] 
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4.4.2 Practical deployment of battery-less NFC sensor in museum 

This subsection describes the deployment of the developed smart archive box with 

integrated NFC sensor in the Public Museum in Cork (CPM), Ireland, that was 

established in 1910 and housed more than 40 thousand artefacts [140].  

 

(a) 

 

(b) 

Figure 4.15: Deployment at CPM, Ireland (a) smart archive box, (b) measurement.  
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Figure 4.15 (a) shows the deployed smart archive box in the storage facility of the 

museum. Figure 4.15 (b) demonstrates the NFC sensor being wirelessly powered and 

read using a smartphone. The smartphone, when placed within a distance of < 5 cm 

of the sensor, enables the temperature and relative humidity values and additional 

metadata to be measured wirelessly, with no requirement for battery power for the 

sensor. 

In addition, to monitor interior temperature and relative humidity of the historic 

Andy Warhol’s “Flowers” which was painted in 1964, the NFC sensor was also 

deployed at the Guggenheim Museum, Venice, Italy. Figure 4.16 shows the NFC 

sensor integration within the painting frame. The deployed NFC sensor is working 

well as of 5th December 2022. 

 

Figure 4.16: Deployment of NFC sensor at Guggenheim museum, Venice, Italy. 
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4.4.3 Summary of benefits and convenience of smart archive box to user 

In terms of the developed NFC temperature and humidity sensor, it is also instructive 

to highlight the advantages of the smart archive box to the user and the convenience 

afforded as described in this subsection:  

1. The developed temperature and humidity sensing solution is the first 

reporting of a smart archive box of its type in the literature for museum 

artefact monitoring. 

2. The proposed method uses a battery-less NFC sensor that can be read 

conveniently with a standard NFC-enabled smartphone.  

3. There is no requirement for a battery to power the sensor and the archive 

box does not need to be opened during the measurement so the internal 

environment is undisturbed.  

4. Another convenient feature is that there is no requirement for maintenance 

of the NFC sensor such as battery replacement. This could be problematic in 

a situation where thousands of stored items exist in a large collection for 

example, requiring significant maintenance and personnel costs.  

5. A low-cost sensor has been developed in this work with a cost of € 4.91 in 

volumes of 10,000 units making it economically viable for use in small to 

medium-sized museums. 

6. The removal of the requirement for a battery means that there is a positive 

environmental impact with no need to dispose of depleted batteries. 

7. The presented solution using passive wireless sensing is convenient for many 

small and medium sized institutions, making it possible to measure important 

artefact environmental data without large associated costs and effort being 

required.  
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4.5 Conclusions 

The performance measurement and characterization results of the developed 

battery-less NFC sensor transponder prototype have been discussed in this chapter. 

The RF receiver sensitivity of the developed NFC sensor was measured using an 

industry-standard Tagformance Pro measurement system. The NFC sensor requires 

a minimum magnetic field strength (HMIN) of 67.8 mA/m at 13.74 MHz and 87.6 mA/m 

at 13.59 to operate (i.e., respond to the read command) in the free space case and 

after NFC sensor integration within the archive box, respectively. In addition, the 

bandwidth (-3 dB) of the NFC loop antenna is calculated to be 1.16 MHz and 1.14 

MHz for the case free-space and after integration within the archive box, 

respectively. Furthermore, the key performance parameters such as RF receiver 

sensitivity, centre frequency and bandwidth of the developed NFC sensor were 

compared with the ISO/IEC 15693 air interface specification and are in good 

agreement with it. 

The developed NFC sensor has also been optimized for low power operation using 

voltage and frequency-scaling techniques for MCU, leading to a peak DC power 

consumption of 597 µW, which is the lowest value found in the literature [28]. 

Wireless communications performance tests on the prototype sensor in free space 

achieved a maximum range of 5 cm with a Samsung Galaxy S20 smartphone and 16.4 

cm using the Tagformance pro measurement system. With a measured mean error 

of ± 0.34 °C in temperature from 6.8 °C to 50.6 °C, the developed NFC sensor qualifies 

for accurate temperature measurements for museum artefacts monitoring.  

Finally, the wireless communication range of the battery-less vibration energy 

harvester-assisted NFC sensor transponder was measured with a NFC-enabled 

smartphone. A maximum wireless communication range of 11 cm in free space was 

achieved. The wireless communication range of the developed battery-less NFC 

sensor is 120 % greater than similar devices described in the literature [26, 82]. 
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Chapter 5:  A Long-Range Wireless Communications 

Platform for Museum Artefact Monitoring  

 

5.1 Background 

In Chapter 3 and Chapter 4, the development, performance characterization, 

demonstration and deployment of the battery-less NFC sensor transponder 

prototypes for museum artefacts monitoring that are particularly conserved in 

museum archives facilities was been discussed. In museum settings, the vast majority 

of artefacts (up to 90 %) are deposited in dedicated storage areas of museum [141], 

representing large facilities with thousands of storage crates.  

These storage crates are essential for the protection of museum artefacts from light, 

mechanical damage, volatile gases and dust in the prevention of deterioration of the 

housed objects. Depending on the variety of materials (such as paper-based, canvas 

or acrylics in paintings and modern art, metals, etc.), those objects often require 

specific temperature and relative humidity storage conditions, in which they can be 

best protected from material degradation [16]. At the same time, the material’s 

varying moisture contents or emission of degradation products from the artefacts 

themselves can create an unfavourable microclimate in these closed containers, 

which can accelerate the natural ageing and damage to the artefacts. This ageing may 

be caused by temperature changes or adverse surrounding (indoor) climates, 

connected with the impermeable nature of the enclosures. Therefore, the preventive 

conservation of artefacts stored inside wooden storage crates in museum storage 

facilities requires continuous temperature and relative humidity monitoring within 

the crates themselves.  

In addition, the wall thickness of a wooden storage crate’s wall is several cm thick. 

This compares to only a few mm of wall thickness for cardboard-based archive boxes 

so making use of certain short-range wireless technologies such as NFC is 

appropriate. 
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As such, the employment of the battery-less NFC sensor solution discussed in Chapter 

3 and 4 are challenging for this test case because of the short wireless 

communication range of less than 5 cm using NFC technology. Hence, development 

of long-range wireless communication platform is required.  

In [142-144] museum artefact monitoring solutions are presented using various 

wireless sensing and Internet of Things (IoT) technologies. The selection of a suitable 

wireless technology for stored artefact monitoring is vital mainly because the 

museum storage areas are often located in protected buildings that may often 

feature stone wall construction. Building structures for historical buildings may 

include thick walls that attenuate more high-frequency radio signals (e.g., 2.45 GHz) 

compared to lower frequencies (sub-GHz), and this results in decrease in the wireless 

communication range and data throughput [145]. Similarly, artefacts owned by 

museums are generally stored in basement areas, and some museums are located in 

remote areas where the cellular network may be unavailable or have a poor cellular 

network connection [146]. Likewise, artefacts can be stored in large quantities that 

are housed in wooden crates and that are placed in dedicated storage areas. Wireless 

monitoring of the microclimate parameters of individual storage crates at regular 

intervals may create wireless signal congestion, which can decrease packet delivery 

ratio (PDR) [147]. 

This chapter aims to identify the optimum wireless technology for museum artefact 

monitoring of crate objects in museum storage facilities. Eight different wireless 

technologies are studied and compared. In addition, this chapter also discusses the 

development of a LoRaWAN testbed network using a commercial LoRaWAN gateway 

and an open-source hardware platform for sensor nodes for museum artefacts 

monitoring within a museum storage facility. Finally, a LoRaWAN testbed network 

was deployed in the Cork Public Museum, Cork, Ireland, as a proof of concept 

deployment in a relevant environment. The wireless technology selection 

methodology and validation LoRaWAN-based long-Range wireless communication 

platform is presented in this chapter and has also been reported in [4].  
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5.2 User Requirements 

Table 5.1 summarizes the user requirements for monitoring of museum artefacts 

that are stored in museum storage facilities. These user requirements were defined 

by the stakeholders, including museum conservators and conservation scientists. The 

wireless sensor nodes need to cost less than €50 per unit in 10k quantities including 

the overhead cost of wireless communication network infrastructure and 

maintenance for an operational life of 10 years.  

Table 5.1: Long-range sensor node user requirements. 

Requirement Specification 

Electrical Power Source Battery  

Minimum operational Life 10 years 

Maximum sensor node cost  < €50 in 10k quantities 

Monthly or yearly subscription  No 

Maximum wireless communication 

Range 

< 100 m 

Maximum museum storage area  40 m x 10 m x 5 m 

Maximum required bitrate  250 bits/sec 

Packet delivery ratio > 0.995  

Data transmission duration  1 packet per day 

Maximum payload  10 bytes  

Dependency on cellular coverage  No 

Maximum airtime  < 1.5 Second 

Sensed environmental parameters  Temperature and Humidity  

Maximum temperature accuracy   < ± 0.5 °C 

Maximum relative humidity 

accuracy 

< ± 2 % 

Operational temperature range   –40 to +120 °C [148] 

Operational humidity range   0 to 100 % [148] 

Maximum sensor response time at t 

(63 %) 

8 seconds for relative humidity, 2 seconds for 

temperature [148] 
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The wireless sensor node is required to transmit 1 data packet per day at a minimum 

bitrate of 250 bits/sec with a wireless communication range of typically less than         

100 meters. A low data rate, for example 100 bits/sec requires a couple of seconds 

of airtime to transmit a payload of 10 bytes. Because of the increasing number of 

sensor devices, this increased communication duration time may lead to an 

increased packet error rate [147] and, therefore, may not be feasible for this 

application. The desired wireless sensing solution is required to provide an 

operational lifetime minimum of 10 years without any maintenance, such as battery 

replacement. In addition, a network subscription and the dependency on cellular 

coverage are not desirable for this application [4, 146].  

5.3 Choosing a Suitable Wireless Communication Technology 

This section describes the selection methodology for the wireless communication 

technology envisaged for museum artefact monitoring, which is described in detail 

in the following sections. This chapter also describes the rationale for the 

consideration of the long-range wide area network (LoRaWAN) as a wireless 

communication technology for this application.  

5.3.1 Comparison of wireless communication technologies  

This subsection describes theoretical analysis and comparison of eight possible 

wireless communication technologies considered suitable for typical Internet of 

things (IoT) applications. In [149-151], comprehensive reviews of various wireless 

technologies have been reported. To select a suitable wireless technology for the 

museum artefact monitoring application, the analysis of several key wireless 

performance parameters is required. These parameters include power consumption 

during the different operational states including data transmission, data reception 

and during sleep mode (low power mode between operational cycles). The 

comparison should also include indoor wireless communication range as well as the 

data rate (baud rate) according to sensing modality requirements. Table 5.2 shows a 

comparison of the above technical parameters for the eight wireless technologies 

listed. 
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Table 5.2: Comparison of wireless technologies technical parameter (Table 1 of [4]). 

Wireless 

Technology 

Maximum 

Wireless 

Communication 

Range (m) 

Maximum 

Data rate 

(kbps) 

Maximum 

ISLEEP (µA)  

Maximum  

ITX (mA)      
Ref. 

NB-IoT 10000 200 5 300 [150, 151] 

SigFox 10000 0.1 0.7 22 [151, 152] 

LoRaWAN 5000 50 1 32 [150, 151] 

ZigBee 100 250 0.9 46 [151, 153] 

WiFi 250 600k 4 229 [151, 154] 

BLE 20 1000 0.97 6.40 [155, 156] 

UHF RFID 15 640 0.7 0.350 [157, 158] 

NFC 0.05 848 1.3 0.330 [1, 109] 

 

Narrowband Internet of Things (NB-IoT) is a low power wide area network (LPWAN) 

technology with a wireless communication range of approximately 1 km typically 

with a data rate of 200 kbps [149]. However, an NB-IoT radio transceiver requires a 

peak DC current of approximately 300 mA during transmission and 5 µA current in 

sleep mode [159]. In addition, the network subscription cost (€0.02/MB) [160] is 

significant and the dependency of this type of communications system on cellular 

coverage makes NB-IoT difficult to be employed for this application.  

SigFox is an another LPWAN technology developed for low-power and low bitrate 

applications, which requires a peak DC current of 22 mA during transmission and 0.7 

µA in sleep mode [152]. However, because of a limited data rate of 0.1 kbps, SigFox 

requires a period of 2.08 seconds of airtime to transmit a payload of 12 bytes. When 

networks such as these need to be scaled up, the increasing number of wireless 

sensor devices, and the associated increase in transmission may lead to an increased 

packet error rate [147].  

ZigBee and WiFi are short to medium-range wireless technologies with high data 

rates of 250 kbps and 600 Mbps, respectively [159].  
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As shown in Table 5.2, ZigBee and Wi-Fi technologies have limited wireless 

communication ranges, and in addition, both technologies consume more power 

during transmission when compared to other LPWAN technologies, such as LoRa 

(Long-Range). Therefore, ZigBee and Wi-Fi are not suitable for the intended 

application of cultural heritage monitoring with the identified application 

requirements (See Section 5.2).  

In comparison, ultra-high frequency radio-frequency identification (UHF RFID) and 

near field communication (NFC) technologies can operate in both battery-less and 

battery-assisted power mode and consume a low DC current of respectively 350 µA 

[157] and 330 µA [109]. However, as shown in Table 5.2, the wireless communication 

range of both UHF RFID and NFC technologies is low and, therefore, additional 

infrastructure cost is required to enable  autonomous sensor data collection. 

LoRaWAN is another LPWAN radio technology that enables long-range wireless 

communications while consuming a DC current in the range of 32 mA [159]. 

LoRaWAN also has an acceptable data rate for this museum application. In addition, 

the user does not have to subscribe to third-party network providers like NB-IoT, and 

several years of battery lifetime can be achieved. Similarly, Bluetooth Low Energy 

(BLE) also meets data rate and power consumption requirements. However, the 

communication range of BLE is typically less than 20 m in an indoor environment 

[156], Thus, multiple relay nodes are generally required especially when the node 

deployment involves a wide coverage, or when the BLE gateway is located a large 

distance from the storage crates. Nevertheless, some performance test results for 

LoRaWAN and BLE technologies are performed and described in the next section. 

5.3.2 Validation of LoRaWAN and BLE technologies 

This subsection describes the experimental validation of two potential wireless 

communication technologies concerning LoRaWAN and BLE for this application. A 

LoRaWAN testbed network, BLE mesh server, and the client node were developed 

for the purpose of performance comparison as shown Figure 5.1. The implemented 

LoRaWAN testbed network comprises one LoRa sensor node and 4 gateways (TTN-

GW868).  
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Figure 5.1: Indoor wireless communication test of LoRaWAN and BLE (Fig. 2 of [4]). 

The LoRa sensor node was implemented using a commercial LoRaWAN evaluation kit 

(L072Z-LRWAN1) and sensor expansion board (X-NUCLEO-IKS01A2). Further, this 

LoRa sensor node was connected to a commercial 868 MHz whip antenna [161]. The 

LoRa sensor node is configured to transmit data with the adaptive data rate (ADR) 

feature enabled. ADR allows sensor nodes to operate with a high data rate (e.g. a 

spreading factor of SF7) when the node is close to the gateway [162]. Consequently, 

the sensor node spends less time on air and exploits the low link budget. ADR also 

allows data transfer with a lower data rate (e.g. SF12) for more distant nodes, and 

hence the wireless link budget is improved in this case. Similarly, a commercial 

evaluation kit of BLE (nRF52840-DK) was used to develop the BLE client and server 

node.   
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For the indoor wireless communication test, the LoRaWAN testbed network and the 

BLE nodes were deployed in one of the Tyndall National Institute’s buildings as shown 

in Figure 5.1. This building is divided into two blocks: Block A (i.e., a protected building 

construction with thick walls that was constructed in 1812) and Block B is a modern 

style construction. As shown in Figure 5.1, the LoRa gateway and BLE client node 

were set up at location G1 in Block B, indicated by the yellow-coloured 5-star symbol. 

The LoRa sensor node was placed at locations S1 and S2 indicated by the green-

coloured symbol. The LoRa Received Signal Strength Indicator (RSSI) metrics were 

then recorded at location G1 and were measured at -112 dBm and -104 dBm for 

location S1 and S2, respectively, showing the large RF attenuation levels associated 

with this environment. Similarly, to transmit data from S1 and S2 to G1, BLE required 

a total of 3 and 2 relay nodes, respectively. A similar performance test was conducted 

in Block A. The LoRa gateway and the BLE client node were set up at location G4. A 

LoRa RSSI value of -110 dBm was measured at the gateway location G4 from the 

sensor location S3. For BLE, 2 relay nodes were required to transmit data from S3 to 

G4.  

Therefore, even though BLE presented a high PDR [163], it requires additional 

infrastructure, which increases the overall complexity and deployment cost. In this 

particular deployment, the increase in cost is about 200 % given that a BLE relay node 

(e.g., nRF52840-DK) unit costs approximately €41 [164]. Furthermore, if a large 

number of BLE end-devices are placed in the storage area, the additional battery 

replacement cost is significant, since the collected traffic must travel via the relay 

nodes, which must constantly be in active mode.  

In order to evaluate the experimental configuration (i.e., range, path-loss 

characteristics) with a larger number of nodes, a series of simulations utilizing the 

LoRaWAN-SIM simulator were performed [165]. A quantity of 100 to 500 nodes were 

used and each node was capable of sending 1 confirmed packet every 20 minutes for 

1 day. The packets were received by 4 gateways which were placed remotely from 

the 30 m × 30 m storage area.  
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Figure 5.2: LoRaWAN packet delivery ratio for 100 to 500 nodes (Fig. 3 of [4]). 

The results are depicted in Figure 5.2, showing an acceptable packet delivery ratio 

(PDR) of greater than 0.995 even for a high number of devices and demonstrates that 

wireless communication is reliable [166]. The theoretical and experimental validation 

of the wireless technology shows that LoRaWAN is the most suitable candidate for 

museum artefact monitoring applications for numerous reasons discussed earlier. 

Importantly, LoRaWAN also provides a cost-effective solution with low infrastructure 

costs, a high network reliability (PDR > 0.995) and a power consumption of less than 

105 mW DC. 

5.4 Development and Testing of a LoRaWAN Testbed Network  

This section discusses the development and performance evaluation of the LoRaWAN 

testbed network for museum artefact monitoring stored in museum storage area 

facilities. This section also explains the deployment and performance analysis of the 

LoRaWAN testbed network.  

  



110 
 

5.4.1 Development of LoRa sensor node and network 

In order to develop a sensor node, open-source hardware platform of LoRaWAN 

(LSN50-V2) from Dragino Technology Co. Limited was used [167]. In addition, to 

integrate the temperature and relative humidity SHT31 sensor from Sensirion AG 

[148], an Inter-Integrated Circuit (I2C) communication protocol was used to interface 

the sensor with the LoRaWAN hardware platform. The developed LoRaWAN sensor 

node was powered using a 4 Ah Lithium-Thionyl Chloride (Li-SoCl2) battery. The 

LoRaWAN sensor nodes were configured to use an adaptive data rate (i.e., Spreading 

Factor = SF7 to SF12), Coding Rate (CR) = 4/5, Channel bandwidth (BW) = 125 kHz and 

confirmed (also referred as acknowledgment based) data transmission. The 

commercial LoRaWAN gateways (Model No = TTN-GW-868) from The Things 

Network (TTN), the Netherlands was used to receive the measured temperature and 

relative humidity readings from the sensor node [168]. The gateways were mains-

powered and registered with the TTN network server stack, which was used as a 

LoRaWAN network server. The network server manages the network and performs 

several activities, including security checks, schedule acknowledgements through the 

optimal gateway and adaptive data rate changes. Further, the network server 

forwards data packets to the application server, which is responsible for securely 

handling, managing, and interpreting sensor data and delivering it to specific 

Hypertext Transfer Protocol (HTTP) endpoints (e.g., Ubidots, DATACAKE and 

Thingspeak). In order to forward data packets to such endpoints, the TTN application 

server also hosts an MQ Telemetry Transport (MQTT) server for streaming 

application data and supports HTTP webhooks12.  

  

                                                      
12

 The TTN webhooks feature allows the application server to send application-related 

messages to specific HTTP endpoints (IoT platform). Typical use cases of webhooks are for 

visualizing or acting on uplink data from another IoT platform and scheduling downlinks from 

such IoT platforms.  
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The TTN webhook builds integrations between the application server and the 

commercial IoT platform “DATACAKE13.” The TTN application server sends a 

webhook i.e., temperature and humidity data to the DATACAKE platform whenever 

data is received from a sensor node. The data is then visualized in the custom-

developed dashboard on the DATACAKE platform, as shown in Figure 5.3. The 

measured temperature and relative humidity data is then stored on the DATACAKE 

server and can be accessed remotely using a laptop and computer with the help of a 

WiFi or Local area network (LAN) connection. 

 

Figure 5.3: User dashboard of the LoRaWAN network. 

  

                                                      
13 Datacake is a commercial IoT platform that is used to develop user data portals in the 

research work outlined in this chapter.  
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5.4.2 Performance evaluation of the LoRaWAN testbed network  

This subsection summarizes the experimental setup and method used to evaluate 

the performance of the developed LoRaWAN sensor network. In order to evaluate 

the wireless communications performance of the developed testbed network, the 

testbed was deployed in a protected building structure similar to a typical museum 

storage facility, i.e., inside Tyndall National Institute office building, Block A. The 

Block A building was constructed in 1812 and has thick concrete walls. Figure 5.4 

shows the deployment map of the LoRaWAN gateways and sensor nodes. The total 

area of the deployment site is approximately 80 m × 20 m, which is larger than the 

typical size of a museum storage area i.e., 40 m x 10 m x 5 m.  

In Figure 5.4, the circular ring symbols (in red, yellow, and blue) represent the 

location of the sensor node, and the multicolour diamond ring symbols denote the 

location of the gateways. The deployed LoRaWAN platform consists of 20 LoRaWAN 

sensor nodes and 3 LoRaWAN gateways. Figure 5.4 (a) shows 2 and 3 sensor nodes 

deployed on the ground and the 1st floor, respectively. Similarly, a total of 6 sensor 

nodes and 1 gateway were deployed on the 2nd floor, and 9 sensor nodes and                  

2 gateways were positioned on the 3rd floor, as shown in Figure 5.4 (b).  

Furthermore, as discussed in section 5.3.2, the packet delivery ratio (PDR) metric was 

used to evaluate the wireless communication performance of the testbed network 

in a protected building structure. The PDR is the ratio of the number of packets 

received by the LoRaWAN server to the total number of packets sent by the sensor 

node. In order to measure PDR, each LoRaWAN sensor node was configured with the 

following parameters: Duty cycle = 1 confirmed packet transmission every                        

20 minutes, adaptive data rate = enabled, CR = 4/5 and channel bandwidth = 125 kHz, 

and experiment duration = 1 week, i.e., approximately 504 data packet transmission. 

A developed user data portal i.e., DATACAKE was used to store data packets for the 

entire experiment duration. Finally, the PDR of the developed LoRaWAN testbed 

network was measured, and a detailed measurement-based PDR calculation is 

presented in the Section 5.5.   
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(a) 

 

(b) 

Figure 5.4: Deployment (a) Ground and 1st floor (b) 2nd and 3rd floor.  
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5.5 Results and Discussion  

This section presents the measured wireless communication performance, i.e., 

packet delivery ratio of the developed LoRaWAN testbed network in a protected 

building structure. This section also illustrates the measurement-based results of the 

current consumption measurements that were performed during various sensor 

node activities such as data transmission, data reception and sleep and estimation of 

the battery lifetime. 

5.5.1 Packet delivery ratio  

This subsection describes the packet delivery ratio (PDR) of the LoRaWAN testbed 

network, which was deployed in the Tyndall National Institute building (see Figure 

5.4). In this study, a total number of 20 sensor nodes were deployed, and each node 

was configured to send 1 confirmed packet every 20 minutes for a period of 1 week. 

The packets were received by 3 gateways (see section 0 for additional details). The 

results are depicted in Figure 5.5, showing a high PDR of 0.994.  

 

Figure 5.5: LoRaWAN packet delivery ratio for 20 nodes network. 
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The PDR of 0.994 demonstrates that wireless communication is reliable [166]. The 

measured PDR result is in agreement with simulated PDR that discussed in section 

5.3.2.  

5.5.2 Power consumption and battery lifetime estimation 

This subsection summarizes the power consumption results for the LoRa sensor node 

and provides an estimate of the expected battery life. To measure the transmit (TX) 

current consumption, the LoRa sensor node was programmed to transmit data 

packets at 5 minutes intervals with an adaptive data rate (ADR) setting. Figure 5.6 

shows the current consumption of the LoRa sensor node over a period of 

approximately 140 minutes. From Figure 5.6, it can be seen that the maximum 

current consumption observed was 71.96 mA DC. 

  

Figure 5.6: DC current consumption of the LoRaWAN sensor during transmission. 
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This current consumption value was recorded during the network joining and 

authentication period with a spreading factor value of SF12. In contrast, a minimum 

current consumption of 10 mA DC was recorded using a spreading factor of SF7. It 

means that the LoRa sensor node requires a mean current of 18.69 mA DC for data 

transmission. The mean receive (RX) current of approximately 7.6 mA DC was 

measured during this experiment. The sleep current for the LoRa sensor node is 

shown in the Figure 5.7 and it can be seen that LoRa module requires a mean current 

of 12.69 µA DC during sleep mode. Finally, the average DC current consumption of 

0.094 mA was calculated from the measured data (see Figure 5.6).  

 

Figure 5.7: Current consumption profile of LoRaWAN sensor device during sleep. 
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Finally, the battery capacity of the LoRa sensor node was estimated with the help of 

the experimentally-measured current consumption figures. In order to estimate the 

total battery life, the power consumption and airtime of the sensor node was 

analysed in two scenarios, i.e., best case (scenario-A) and worst-case (scenario-B), as 

shown in Table 5.3. In scenario-A the following parameters were considered: 

Adaptive data rate = enabled, Mean TX current = 18.69 mA DC,                                              

Mean Rx current = 7.6 mA DC and Sleep current consumption = 12.69 µA. Similarly, 

in (scenario-B) current consumption during higher spreading factor i.e., SF = 12 was 

investigated considering the following measured current consumption profile: Peak 

TX current = 71.96 mA DC, RX current = 10 mA DC and Sleep current = 12.69 µA DC. In 

addition, the current consumption of 9.6 mA DC was also considered for other 

electronics, such as a microcontroller (MCU) and temperature and humidity sensor. 

Finally, a system efficiency of 90 % was assumed to compensate self-discharging rate 

of the Li-SOCl2 battery, which is 1 % per year [169].  

In order to achieve a 10-year battery life, assuming 1 data transmission per day, then 

a maximum battery capacity of 1.38 Ah is estimated. The developed LoRaWAN sensor 

node consists of a 4 Ah Li-SOCl2 batteries, which is almost three times the minimum 

estimated battery capacity. The developed LoRa sensor node has satisfies the battery 

lifetime requirement of this implementation, which is intended to be 10 years.   
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Table 5.3: Battery lifetime estimation of LoRa sensor node. 

Scenarios 

 

Scenario A (Best Case) Scenario B (Worst Case) 

Sensor node activities per day 

Data transmission cycle 

(per day)  

 

1 1 

Approximate sleep (hr) 

 

24 24 

Sampling time (ms) 

 

838 838 

Transmit time (ms) 

 

61.7 1482.8 

Receive time (ms) 

 

100 2179 

ADR settings 

 

Enabled (SF = SF7 to SF12)  

BW = 125 kHz 

Max Tx power = 14 dBm 

SF = SF12,  

BW = 125 kHz 

Max Tx power = 14 dBm 

Payload (Bytes) 

 

11 11 

Current consumption during various activities 

Sleep current (mA) 

 

0.013 0.013 

Sampling current (mA) 

 

9.6 9.6 

Transmit current (mA) 

 

18.69 (average) 71.96 

Receive current (mA) 

 

7.6 10 

Power usage comparison in percentage 

Sleep (%) 

 

99.10 88.93 

Sampling (%) 

 

0.73 0.65 

Transmit (%) 

 

0.10 8.65 

Receive (%) 

 

0.07 1.77 

Design Goals 

System efficiency (%) 

 

90 90 

Target battery (Year) life 

 

10 10 

Estimated battery 

capacity (Ah) 

 

1.24 1.38 
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5.6 Deployment of LoRaWAN Network in a Museum Environment  

This subsection describes the deployment of the LoRaWAN network in the Public 

Museum in Cork, Ireland which was established in 1910 and which currently houses 

more than 40,000 artefacts. The total area of the museum site is approximately           

60 m × 36 m. A total number of 7 sensor nodes were deployed in the Cork Public 

Museum, in which 3 sensor nodes were deployed on the ground floor in artefact 

display facilities, and the remaining 4 nodes were deployed on the first floor, where 

artefacts were conserved within the storage facilities. The LoRa sensor nodes were 

configured to use ADR (i.e., Spreading Factor = SF7 to SF12), Coding Rate = 4/5, 

Channel bandwidth = 125 kHz and acknowledgment-based data transmission. Figure 

5.8 shows the photograph of one of the deployed sensor node within the storage 

crate that was developed during the APACHE project. In addition, Figure 5.9 (a) and 

(b) show measured temperature and relative humidity over 1 week using deployed 

LoRa sensor nodes in Cork Public Museum. During this 1 week period, the wireless 

communication performance of the deployed sensor network was measured (i.e., 

PDR) and a PDR figure of 0.997 was achieved. The achieved PDR value of 0.997 

demonstrated that robust wireless communications between the sensor nodes and 

the LoRa gateway was achieved [166].  

 

Figure 5.8: Deployed LoRa sensor node in Cork Public Museum, Ireland. 
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(a) 

 

(b) 

Figure 5.9: Measured parameters (a) temperature, (b) relative humidity. 
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5.7 Conclusions 

This chapter presented the evaluation and selection of the optimum feasible wireless 

technology for museum artefact monitoring stored in museum storage facilities. In 

order to select a feasible wireless technology for this application, eight wireless 

technologies were studied in detail, and key wireless performance parameters were 

compared with user requirements. In addition, a testbed network of two potential 

technologies, i.e., LoRaWAN and BLE, was developed and deployed inside a 5600 m2 

space in both a protected (stone wall construction) and modern building structure to 

evaluate the wireless communication performance by way of measurements. 

Moreover, a LoRaWAN scalability approach was also used to simulate the packet 

delivery ratio for a 500-node network.  

Furthermore, the LoRaWAN testbed network was successfully developed and 

deployed using a commercial LoRaWAN gateway and open-source hardware 

platform for sensor nodes. The user data portal was also successfully developed using 

a commercial IoT platform to visualize the time-varying temperature and relative 

humidity data. The developed testbed included 20 sensor nodes and 3 gateways. The 

testbed was deployed in a protected building structure in Tyndall National Institute, 

Cork, for performance validation. The result shows that LoRaWAN technology is a 

cost-effective solution with low infrastructure costs and high network reliability, i.e., 

PDR > 0.994 for museum artefact monitoring stored in museum storage facilities. The 

tested LoRaWAN sensor nodes also demonstrated a power consumption of less than 

69 mW DC and an estimated battery lifetime of 10 years with a 1.38 Ah Li-SOCl2 

battery. 

Finally, the developed LoRaWAN platform was deployed in the Public Museum in 

Cork, Ireland. Deployment results demonstrated a packet delivery ratio (PDR) of 

greater than 0.997, indicating that wireless communication between the sensor 

nodes and the LoRa gateway is reliable. All deployed seven sensor nodes in Cork 

Public Museum are currently functioning in a real-time deployment as of 5th 

December 2022.  
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Chapter 6:  Conclusions and Future Work 

This chapter summarizes the research work conducted and described in this thesis. 

The key focus of this thesis was to design a new low-cost, battery-less NFC sensor 

transponder for monitoring museum artefact with enhanced wireless 

communication range compared to the state-of-the-art. In addition, this thesis also 

had a goal to develop, for the first time, a smart museum archive box featuring a fully 

integrated wireless powered temperature and humidity sensor.  

In the last 5 years,  battery-less NFC sensor transponders have witnessed significant 

advancement due to the increasing number of Internet of Things (IoT) applications 

and especially with the incorporation of NFC reader technology within smartphones 

[5]. In addition, advancement in low to ultra-low power electronics and sensors has 

steered the rapid growth of battery-less sensing devices such as NFC sensor 

transponders. The use of battery-less NFC sensor transponders for museum artefact 

monitoring (as opposed to battery-powered sensors) is advantageous because no 

additional wireless infrastructure other than a smart phone is required. Instead, the 

transponder can wirelessly powered via the smartphone, and measured sensor data 

can be read conveniently. In addition, after integrating the NFC sensor transponder 

within an archive box, the box does not need to be opened in the time [131]period 

between or during measurements, so the internal environment is undisturbed.  

However, the design of battery-less NFC sensor transponders is challenging for 

museum artefact monitoring applications because the DC power consumption of the 

electronics (particularly the microcontroller) is finite and this sets limits on how much 

power DC can be harvested as well as setting limits on the maximum the wireless 

communication range. Another key challenge of the developed smart archive box is 

realization of a box assembly that does not require glue or adhesive. This avoids 

possible contamination of the atmosphere inside the box from the packaging itself.  
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In Chapter 2 of this thesis, several gaps and challenges in the current state-of-the-art 

relating to museum artefact monitoring were identified and the possibility for 

battery-less NFC sensing was highlighted. Based on the literature review, a 

hypothesis was formulated that focused on optimizing the overall harvested DC 

power consumption of the NFC sensor to enhance the wireless communication 

range. In addition, this research also focused on integrating the NFC sensor 

transponder within an archive box without the need for adhesive in the packaging.  

6.1 Contribution to State-of-the-Art  

This thesis aimed to address the aforementioned challenges by developing a low 

power, battery-less NFC sensor transponder. 

The key contributions of this thesis are as follows:  

 This thesis, for the first time, reports a smart museum archive box that 

features a fully integrated wireless powered temperature and humidity 

sensor. The smart archive box has been developed explicitly for microclimate 

environmental monitoring of stored museum artefacts in cultural heritage 

applications.  

 The NFC sensor transponder has been optimized for low power operation 

with a measured peak harvested DC power consumption of 597 µW while 

yielding a 5 cm wireless communication range with the smartphone used as 

a reader. The DC power consumption of the NFC sensor transponder is 

approximately 33.6 % lower when compared with the state-of-the-art.  

 A multi-nodal energy harvesting approach was also presented, i.e., vibration 

energy harvester assisted operation, a wireless communication range of         

11 cm was achieved, which is 120 % greater than similar NFC sensors reported 

in the literature.  

 A long-range wireless sensor was also implemented using the LoRaWAN 

standard. The wireless communication performance of LoRaWAN is shown to 

offer the optimal solution for long-range (several hundred metres) wireless 

monitoring of museum storage crates and displays with a measured packet 

delivery ratio (PDR) of 0.994. 



124 
 

In Chapter 3 [1-3], the hardware and firmware design for the NFC sensor transponder 

was presented. For this design, both voltage and frequency scaling techniques were 

used to minimize the DC power consumption of the sensor. In addition, a fully 

integrated archive box that features wirelessly powered temperature and humidity 

sensing capabilities for monitoring museum artefacts was presented. Furthermore, 

this chapter also explored the feasibility of wireless communication range 

enhancement of the NFC sensor transponder by assisting the transponder with an 

energy harvester powered by vibrational energy to power the sensor electronics. 

Finally, in this chapter, the integration of a custom laser induced graphene (LIG) 

based humidity sensor with the NFC sensor transponder was also presented.  

In Chapter 4 [1-3], performance measurement and characterization of the battery-

less NFC sensor transponders described in Chapter 3 was presented. The developed 

NFC sensor transponder was optimized for low power operation, resulting in a 

measured peak DC power consumption of 597 µW in free space, which is the lowest 

reported when compared with the state-of-the-art in the literature. Wireless 

communications performance testing was carried out on the prototype sensor and 

yielded a maximum range of 5 cm using a Samsung Galaxy S20 smartphone and       

16.4 cm using a Voyantic Tagformance pro measurement system with a +25 dBm RF 

transmit power level. In addition, the minimum RF receiver sensitivity of the 

developed NFC sensor transponder was measured to be 67.8 mA/m and 87.6 mA/m 

at a resonant frequency of 13.74 MHz and 13.59 MHz in the free space case and after 

integration within the archive box, respectively. In this chapter, the key performance 

parameters of the developed NFC sensor were compared with the ISO/IEC 15693 air 

interface specification and are in good agreement with it as summarized in Table 4.1 

in Chapter 4. With a measured mean error of ± 0.34 ◦C in temperature from 6.8 ◦C to 

50.6 ◦C, the proposed NFC sensor qualifies for accurate temperature measurements 

for monitoring museum artefact. A low-cost prototype NFC sensor transponder (i.e., 

€ 4.91 in volumes of 10,000 units, see Table 3.4 in Chapter 3) was developed and 

characterized in this thesis and was successfully demonstrated to the project 

stakeholders across Europe during three public training events in Paris, Turin and 

Budapest.  
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Furthermore, the NFC sensor transponders were deployed in the Cork Public 

Museum, Cork, Ireland and the Guggenheim Museum, Venice, Italy.  

Finally, the feasibility of wireless communication range enhancement of the NFC 

sensor transponder by powering the NFC sensor electronics using energy harvested 

from a vibrational energy harvester (VEH) was also explored. The maximum wireless 

communication range of 11 cm in free space was achieved, which is 120 % greater 

than that reported in the literature [26, 82]. The mechanical energy harvesting 

capability of the VEH to assist in powering the NFC sensor would open wider fields of 

wireless sensing applications.  

Finally in Chapter 5, the development and assessment of a LoRaWAN testbed for 

monitoring museum artefacts stored in museum storage facilities was presented [4]. 

In order to select feasible wireless technology for the intended application, eight 

individual wireless technologies were studied in detail, and key wireless performance 

parameters were compared with user requirements. Furthermore, the testbed 

network of LoRaWAN technology was successfully developed, which consists of 3 

commercial LoRaWAN gateways and 20 sensor nodes. The developed LoRaWAN 

platform was deployed in the public museum in Cork, Ireland, as a proof of concept. 

Deployment results demonstrated that wireless communications between the 

sensor nodes and the LoRa gateway was robust  with a packet delivery ratio (PDR) of 

greater than 0.997 [166]. The main finding of this study is that LoRaWAN is the most 

suitable wireless technology for museum artefact monitoring applications. LoRaWAN 

also provides a cost-effective implementation with low infrastructure costs, high 

network reliability (PDR > 0.994) and an estimated battery lifetime of 10 years with 

a 1.38 Ah Li-SOCl2 battery.  

The battery-less NFC sensor prototype developed, tested and demonstrated in this 

work is especially beneficial for small and middle-size museums with limited or 

inappropriate storage climates and budget constraints that preclude the use of 

expensive air conditioning systems.  
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For the first time, the developed solution enables accurate microclimate 

environmental monitoring without the need for movement or opening of the archive 

box with no battery replacements. This feature is especially advantageous for 

museum conservators to readily monitor and reduce the risk of degradation of 

valuable cultural heritage artefacts in storage. 

6.2 Future Work 

The work presented in this thesis suggests following potential areas for further 

research and investigation. 

 For the battery-less NFC sensor temperature and humidity sensor 

transponder presented in Chapter 3, fully characterization of the accuracy of 

relative humidity measurements of the transponder would be advantageous 

using an environmental chamber test system. In addition, future work could 

also focus on investigating methods for automatic sensor data collection 

solutions from the deployed smart archive boxes to improve user 

convenience. 

 For the battery-less NFC-enabled LIG/GO humidity sensor presented in 

Chapter 3, the characterization of the humidity sensor after integration with 

the NFC sensor over a wide range of relative humidity, i.e., 0 % to 97 % [3] 

was not performed  in this thesis work but would also be a valuable addition 

for the future work.  

 The LoRaWAN testbed network presented in chapter 5 of this thesis uses a 

sensor node based on an open-source hardware platform (LSN50-V2) from 

Dragino Technology Co. Limited [167]. Developing a dedicated LoRaWAN 

sensor node with optimized DC power consumption for monitoring museum 

artefacts would be a valuable addition to future work.  
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