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Abstract 

 

Microwave ground penetrating radar technique is commonly used in archaeology. We 

propose a new distance-monitoring system for ground penetrating radar, using wireless 

two-way interferometry technology that allows non-contact microwave measurement of 

walls. THz time-domain imaging and optical coherent tomography are also widely used 

for paintings in research institutions. This paper gives an overview of electromagnetic 

techniques using frequency bands from microwave to infrared for the internal structure 

observation of artefacts, and prospects of the use of millimetre waves in heritage science. 

 

1.  Introduction 
 

Electromagnetic waves have been used for non-destructive investigation in heritage 

science. The most commonly used frequency bands are microwave and infrared. For 

example, microwave ground-penetrating radar is commonly used to detect objects 

underground by archaeologists, and infrared imaging has been widely used for 

thermography. Moreover, optical coherent tomography, which has been continuously 

developed for medical applications, is applied to observe extremely thin layers near a 

surface, such as varnish layers of a painting. This paper gives an overview of 

electromagnetic techniques using frequency bands from microwave to near-infrared for 

the internal structure observation of artefacts. On the basis of practical experimental 

data, we discuss the role of each frequency band in the research field of heritage science. 

 

2.  Use of electromagnetic waves 
 

2.1 Microwave 

 

Microwave ground-penetrating radar (GPR) has been widely used in archaeology to 

search underground before or during excavation [1]. The penetration depth and 

resolution depend on the frequency. The typical penetration depth for an excavation 

survey is around 200 MHz, which is used to observe 2 m below the ground surface with 

a spatial resolution of approximately 1 m. A GPR with higher frequency can be used for 

wall inspection. For example, Ilaria Catapano observed the internal structure of the wall 

of the north corridor of San Marco Museum on the opposite side of which a masterpiece 

of Beato Angelico is located by using a 2 GHz GPR, revealing metallic objects in the 

wall, which are likely concealed iron nails [2].  

 

Recently, Mitsui Engineering and Shipbuilding Co. Ltd. has developed a 20 GHz 

system for wooden-frame house inspection as research commissioned by the National 

Institute of Information and Communications Technology (NICT).  Figure 1 shows a 
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photograph of the system and a set of typical imaging data obtained by using a model 

wall of a wood-frame house. The large diagonal wood piece is an important part for 

ensuring earthquake resistance, and the main objective of using the 20 GHz system is to 

observe its condition. The frequency ranges of commonly used GPRs are not high 

enough to have sufficient resolution for this purpose.  

 

 

 

 

 

 
 

 

 

 

 

Figure 1. A GPR system at 20 GHz developed for wooden house inspection, (a) 20 GHz GPR system, 

(b) photograph during construction, (c) wood-frame house wall sample, (d) observation from the 

front side, (e) observation from the rear side. 

 

 

The feasibility of using this system to observe mosaic art under a thick plaster layer in 

the Hagia Sophia in Istanbul was investigated. The imaging data shown in Fig. 2 

obtained from a model experiment proved that gold tesserae can be clearly observed 

under a thick plaster layer. Since almost all holy figures in mosaic art of that age are 

surrounded by gold tesserae, we believe that the 20 GHz GPR system is highly 

applicable for research in the Hagia Sophia [3].  

 

 

 

 

 

 

 

 

 
Figure 2. Microwave observation of model mosaic art under mortar layer, (a) part of mosaic art, 

(b) microwave image obtained through a 10-mm-thick mortar layer.  

The sample was provided by Prof. H. Takanezawa of Kobe Yamate University.  

Images are courtesy o Mitsui Engineering & Shipbuilding Co. Ltd. 

 

The wheels of common GPR systems must be in contact with the ground or a wall 

during measurement, because the measurement position is recorded on the basis of an 

encoder in one of the wheels. The number of rotations gives the length from the 

measurement starting point.  Compared with a common scanning system with a 

stepping motor, this encoder-based locating technique tends to show lower accuracy 

because of bumps on the surface and/or human error. Although there have been some 

attempts to use GPS to improve the accuracy of observation records, GPS cannot be 

used inside buildings or tunnels.   
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Thus, we propose a new distance-monitoring system using wireless two-way 

interferometry (WiWi) technology [4]. The WiWi system has been under development 

to synchronize the growing number of various types of sensors on the earth, and its 

technology is based on the precise comparison of standard time using common 

telecommunication modules. By measuring the propagation time between modules, the 

distance can be calculated [5]. We have observed the distance between two antennas 

moved by a stepping motor and proved that the WiWi system can monitor changes in 

position at 1 mm resolution by detecting a 3 ps propagation time.    

 

In the case of GPR application, a base module is placed at the measurement starting 

point and another module is placed on the GPR sensor unit. As a result, the movement 

of a GPR sensing unit can be traced without an encoder, and observation in a noncontact 

manner can also be achieved.  

 

Figure 3(a) shows a WiWi module and Fig. 3(b) shows a comparison of the distance 

measured by a traditional system based on a wheel's rotation and WiWi modules. The 

results prove that the WiWi system provides reasonable data. Although new three-

dimensional mapping software must be developed, the accuracy of location monitoring 

should be improved.  In the near future, we will develop a three-dimensional GPR 

locating system using four WiWi modules. This new system should extend the range of 

applications of GPR in heritage science. 

 

 

 

 

 

 

 

 

 

 
Figure 3. WiWi module and comparison of distance measurement, (a) photograph of WiWi module 

on a GPR sensing unit, (b) Comparison of distance measurement. 

 

2.2 Millimetre waves (mm-waves) 

 

The frequency range around 100 GHz has not yet been widely used in the 

nondestructive testing field, despite the increase in the use of anti-collision sensors 

operating at 90 GHz in automobiles as well as airport body scanners operating at 300 

GHz. Figure 4(a) shows a mm-wave system operating at 100 GHz developed by 

SynView GmbH (currently Becker Photonik GmbH) which was applied to investigate 

the state of damaged buildings, after a large earthquake in Japan. Figures 4(b) and 4(c) 

show reflection-level mappings from layers 5 and 10 mm below a surface, respectively 

[6]. These results clearly show the separation of tiles from the mortar layer, and the 

mortar layer from the concrete. We confirmed the thicknesses of the tile and mortar 

layers in the badly damaged part of the wall. It is clear that mm-wave imaging is useful 

for the inspection of mosaic art walls or floors with a similar structure to modern tiled 

walls.  
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In heritage science, it is expected that mm-wave imaging can be applied to examine the 

preparation layers of fresco paintings, i.e., ariccio and intonaco layers, as well as the 

wooden structure behind the mortar layer in timber houses. As a feasibility study, we 

measured a mortar-on-brick mock-up containing several types of model defects, 

including a wood piece, a metal plate, a rubber chip, and polystyrene foam as an air gap, 

as shown in Fig. 4(a). A SynView compact (Becker Photonik) mm-wave imaging 

system was used in this work. As shown in Fig. 4(b), all defects can be clearly observed 

at the correct position in the mortar layer. We believe that the mm-wave imaging 

technique will be extremely useful for investigations of historical fresco wall paintings.  

 

 

 

 

 

 

 

 

 
Figure 4. 100 GHz imaging system and observation of a deteriorated tiled wall, (a) photograph of 

the imaging system, (b) reflection image from 5 mm below the surface, (c) reflection from 10 mm 

below the surface. 

 

2.3 THz (time domain) 

 

There have been many published papers and books on THz applications in heritage 

science. [1, 7] At present, the most successful examples have been the examination of 

historical panel and easel paintings using a THz time domain imaging system. This is 

because they have a relatively smooth and flat surface that does not disturb the 

penetration of THz pulses. It is known that traditional mineral pigments often have 

specific spectral features in the THz band, and the post-processing of output signals to 

extract useful information, such as materials, is being actively researched. On the other 

hand, there have not been many wall paintings clearly observed by THz imaging.  This 

could be due to their uneven and rough surface, which causes scattering. As a rare 

example, Fig. 5 shows a nondestructively obtained cross-section image of a fresco 

masterpiece by Beato Angelico in San Marco Museum in Florence, Italy. The giornata 

layer interface was successfully observed, as shown in Fig. 5, owing to its relatively 

smooth surface [2]. 

 

 

 

 

 

 

 

 

 
Figure 5. THz imaging of fresco painting, (a) observation area, (b) THz refection image, (c) cross 

section image along the yellow broken line in (b). 
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2.4 OCT (infrared)  

 

Optical coherent tomography (OCT) has been commonly used in ophthalmology and 

has become an emerging technology in industrial nondestructive testing as well as in the 

field of heritage science [8, 9].  

 

Figure 6(a) shows a viola that was made approximately 200 years ago. Since the 

condition of the varnish is important for the evaluation of musical instruments, we 

observed the layer structure by using a swept-source (SS-OCT) system developed by 

Santec Corporation. Fig. 6(b) shows a cross-section image of part of the viola near the 

surface. It is clear that the surface of the wood is not perfectly flat, that the first varnish 

layer compensates for the roughness, and that the second varnish layer gives the 

instrument a perfectly smooth surface. This result proved that OCT is suitable for 

investigating historical musical instruments. 

 

 

 

 

 

 

 

 

 

 
Figure 6. OCT observation of a viola, (a) photograph, (b) cross section image near the surface. 

 

 

 

3.  Conclusions 
 

Internal structure observation using electromagnetic waves in heritage science was 

introduced. The frequency band should be chosen with consideration of the artwork to 

be measured and the objectives. In general, microwave and OCT technologies are well 

established, and we proposed a new technique for obtaining the position of a GPR. 

Quite a few researchers in heritage science use commercially available THz imaging 

systems, and the current focus of discussion is now signal processing methods. The 

frequency band around 100 GHz has become a 'sub-THz gap' in the use of 

electromagnetic waves in heritage science. Since feasibility studies show the high 

potential of mm-waves in heritage science, especially for examining wall paintings and 

monuments, we hope to show their potential by measuring real artworks in the near 

future. 

 

Acknowledgements 

 

The authors thank to Becker Photonik GmbH and Santec Corporation for trial 

measurements by millimetre-wave and OCT, respectively . 

 

 



 6 

References and footnotes 

 

1. N. Massini, F. Soldoveri Eds., "Sensing the Past", Springer, 2017. 

2. Quaderni del Museo San Marco, Salve Mater L'Annunciazione di Beato Angelico 

a San Marco, Sillabe, Livorno, 2017, ISBN 978-88-8347-590-0. 

3. H. Takanezawa S. Baba, K. Hidaka., "Preliminary Report of Non-destructive 

Investigation of Plaster-covered Mosaics of Hagia Sophia", Ayasofya Müzesi 

Yıllıkları, No. 14, pp. 228-256, 2015. 

4. N. Shiga, K. Kido, S. Yasuda, B. Panta, Y. Hanado, S. Kawamura, H. Hanado, K. 

Takizawa, M. Inoue, "Demonstration of wireless two-way interferometry (Wi-

Wi)", IEICE Communications Express (6), pp. 77-82, 2017. 

5. P. Bhola, K. Kido, S. Yasuda, Y. Hanado, S. Kawamura, H. Hanado, K. Takizawa, 

M. Inoue, N. Shiga, Range Variation Monitoring with Wireless Two-Way 

Interferometry (Wi-Wi)", IEEE Wireless Communications Letters, submitted. 

6. T. Hoyer T. Löffler, T. Saito, N. Yukihira, A. Deninger, K. Fukunaga, "A portable 

all-electronic THz scanner for the inspection of structural earthquake damage in 

Japanese buildings", Proc. 37th IRMMW-THz, 2013. 

7. K. Fukunaga, "THz Technology Applied to Cultural Heritage in Practice", 

Springer, 2016. 

8. P. Targowski, B. Rouba, M. Góra, L. Tymińska-Widmer, J. Marczak, A. 

Kowalczyk, "Optical coherence tomography in art diagnostics and restoration", 

Applied Physics A (92) pp 1-9, 2008. 

9. M. Iwanicka P. Moretti, S. van Oudheusden, M. Sylwestrzak, L. Cartechini K. van 

den Berg, ,P. Targowski, C. Miliani, "Complementary use of optical coherence 

tomography (OCT) and reflection FTIR spectroscopy for in-situ non-invasive 

monitoring of varnish removal from easel paintings", Microchemical Journal (138), 

pp. 7-18, 2018. 

 

 


