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Preface

Microwave engineering, which has had a well-established theory for tens of decades, is 
one of the leading multidisciplinary engineering fields used in today’s technology develop-
ments. This book is intended to present some of the recent advances and new applications 
in diverse uses of microwave technology, from medical applications to radio astronomy, 
from the food industry to material characterization.

The book consists of eight chapters. Within each chapter, theories coupled with practical 
examples are reviewed and emerging conclusions are drawn.

In the first chapter, author Nelly Lara introduces the basic principles available in micro-
wave ovens based on the dielectric heating modes. The chapter covers recent advances and 
challenges in uniform heating using movement or rotating devices. Finally, the pros and 
cons of applying microwave energy in toasting operations are discussed.

In the second chapter, authors Grigory Dunaevskiy, Polina Smygalina, Igor Dorofeev, and 
Alexander Nechaev discuss how limb injury due to cold remains a serious and widespread 
condition both in countries with a cold climate and in regions located close to the equator 
but having high-altitude territories. To solve this problem, the chapter proposes the use of 
microwave radiation at an early stage, which penetrates deep into the cooled volume and, 
accordingly, can accelerate the activation of internal vessels. The chapter gives techni-
cal details such as the selection of the appropriate frequency and power of radiation, as 
well as the creation of a microwave chamber in which it is possible to ensure sufficiently 
uniform heating of the entire volume of the frostbitten limb. At the end of the chapter, the 
authors present the results of modeling the distributions of electromagnetic and thermal 
fields in the volume of the heated limb at microwave frequencies that allow medical 
applications.

In the third chapter, authors Angie Fasoula, Petros Arvanitis, and Luc Duchesne 
explain microwave imaging technology for the diagnosis of breast cancer. The chapter 
presents the methodology employed for the quantitative assessment of the reliability 
of the Wavelia#2 microwave breast imaging (MWBI) system based on experimental 
data. The analysis includes an assembly of the most representative findings from the 
series of the MWBI experimental tests performed on breast phantoms after the instal-
lation of the Wavelia#2 investigational device at Galway University Hospital (GUH) 
Symptomatic Breast Unit for a phase-II pilot clinical investigation. The authors explain 
that the notion of MWBI scan and reconstructed image repeatability assessment has 
never been addressed before in the MWBI state of the art.

In the fourth chapter, authors Nuria Novas Castellano, Dalia El Khaled, Rosa Maria 
Garcia, Francisco Portillo, Manuel Fernadez-Ros, and Jose Antonio Gazquez introduce 
dielectric spectroscopy (DS), a nondestructive experimental tool to investigate the 
interaction between a material and an applied electric field by utilizing the spectral range 
from 10 Hz to 1 THz. The chapter focuses on its use in evaluating the properties of living 
tissues, especially in the horticultural field. Characterizing the dielectric properties of 
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fresh food enables the evaluation of food quality and freshness from production until 
consumption. The chapter reviews current research on the dielectric characteristics of 
fresh foods and the application of these techniques in assessing food quality.

In the fifth chapter, authors Marinus Kunst and Reinhard Schwarz show that the change in 
the microwave reflection of a semiconductor under illumination could be used to determine 
photoconductivity. The chapter discusses the reliability of the method experimentally, both 
on samples with known parameters such as silicon and on samples for which the measure-
ments of systems are difficult to access with conventional photoconductivity tools, such as 
an amorphous semiconductor, a-Si:H, and a semiconducting powder, TiO2.

In the sixth chapter, author Luca Olmi explains the growth of radio telescope technology 
and instrumentation. The author mentions the slow adoption of new antenna technologies, 
especially for large radio telescopes. The chapter discusses the strengths and weaknesses of 
specific new technologies, particularly reflect arrays, which have been developed mainly 
for remote sensing and satellite communications. The author presents that reflect arrays 
might lead to a great leap forward in the design and fabrication of antennas for radio 
astronomy.

In the seventh chapter, authors Zhongmao Li, Mengjie Qin, Lanlan Liao, Xiaozhuang Hu, 
Pengzhan Liu, Xin Qiu, and Zhiqiang Li mention the latest developments in tunable 
microwave filters. The chapter covers various tunable bandpass filters based on different 
technologies such as on-chip, microstrip, and substrate-integrated waveguide. The chapter 
discusses the strengths and weaknesses of each technology by comparing the simulated 
and measured results on several engineering prototypes.

In the last chapter, author Veysel Demir presents a finite-difference time-domain (FDTD) 
code that was developed in the Julia programming language customized for efficient elec-
tromagnetic simulation of microstrip circuits. The code is tailored for faster simulation 
of microstrip circuits with lower memory requirements by employing an efficient form 
of FDTD updating equations, referred to as edge-length normalized formulation, as well 
as other simplifications that would make it sufficient to analyze single-layer microstrip 
circuits and produce scattering parameters. The chapter demonstrates how updating 
equations for fields, sources, and absorbing boundaries were modified to accommodate 
edge-length normalization, and how these equations were translated into a code in 
Julia. Finally, the chapter concludes with some examples of circuits simulated with the 
 presented code.

The topic diversity, unique perspective, and rich content of each chapter make this book 
an enjoyable technology guide for academicians, graduate students, and engineers.

Hüseyin Şerif Savcı
Department of Electrical and Electronics Engineering,

İstanbul Medipol University,
İstanbul, Turkey
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Chapter 1

Raw Kernels Packaged for Toasting: 
A Current Challenge for Microwave 
Technology
Nelly Lara

Abstract

The applications of microwaves for household use and processing at the industrial 
level have gained immense importance over traditional conduction or convection 
heating systems. Microwaves can heat and toast raw kernels such as peanuts, maize, 
hazelnuts, sunflower seeds, cocoa beans, coffee, and other food kernels with a notable 
decrease in energy consumption and heating time because this technology gener-
ates volumetric heating in each kernel with the absorption of the incident energy. 
However, for raw kernels packaged for toasting, the availability of a continuous or 
at least intermittent movement device is highly required in microwave ovens. This 
chapter will briefly discuss the basic principles available in microwave ovens based 
on the dielectric heating modes. Recent advances and challenges in uniform heating 
using movement or rotating devices. Also, the pros and cons of applying microwave 
energy in toasting processing operations will be discussed.

Keywords: microwave toasting, dry heating, microwave-packed kernels, household 
microwave ovens, first-generation snack

1.  Introduction

Toasting is a unit operation that involves art and science, and this knowledge has 
grown from artisanal production to industrial processing of cereals and other dry 
kernels, with high levels of quality, efficiency, and hygiene. In toasting, sugars react 
with other carbohydrates and proteins to develop color and flavor compounds [1]. 
Thus, the toasting process of raw kernels is key to controlling the degree of modifica-
tion of macro components and the development of aroma, texture, and color profiles 
of products, converted into edible forms. Specialty raw maize types subjected to 
traditional and microwave toasting are ready-to-eat kernels with soft and crunchy 
endosperm [2]. Raw almonds treated in a convective oven [3] and hot air-assisted 
radio frequency [4] present color, texture, and sensory attributes that meet consumer 
demands. Toasted peanuts, characterized by sensory analysis and aroma profiles, 
are critical data for the commercial peanut industry in selecting available cultivars to 
produce acceptable consumer whole-kernel snacks [5]. Cashew nut kernels toasted 
by hot air-assisted radio frequency enhance the nutritional quality and flavor [6]. 
In sunflower kernels, microwave toasting does not reduce the sensory quality of the 
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product as it is expressed by overall consumer preference compared to convection 
toasting which increases kernels’ hardness [7]. In chickpea snack production, toasting 
is a common process to improve their texture profile and palatability, so this topic 
has studies to compare the effect of different toasting methods [8]. On the other 
hand, toasting is a unit operation to achieve the characteristic flavor and texture in 
breakfast cereal and snack foods [9, 10]. In the processing of cocoa [11–13] and coffee 
[14–16], toasting develops the required profiles in color, aroma, and flavor sensations. 
In cereals and pseudocereals, toasting whole kernels could cause structural changes 
in starch and protein, breaking chains into partially soluble intermediate molecules 
with technological quality for the development of a variety of functional foods 
[17–19]. In legume flour, toasted chickpea kernels can be used in the development of 
various functional foods [20]. In addition, it has been found that toasting promotes 
the inhibition of anti-nutritional factors; e.g., phytic acid has decreased by 18% in 
quinoa toasted at around 180°C for 5 minutes [21]. Toasting is a traditional household 
process to convert raw seeds into edible kernels. The state of the art suggests that it is 
a current topic and has aroused great interest in researchers looking for innovation 
and new ingredients. Toasting is a unitary operation applied on a small, medium, and 
large scale through conventional and emerging heating systems based on conduction, 
convection, and radiation principles.

Referring to electromagnetic radiation, microwaves can toast dry raw materials 
under low temperatures (120–140°C) and short time compared with those of at least 
150°C from an open flame, traditional toasting machines by long time and novel elec-
tric toasters [22]. Therefore, microwave-toasting household ovens and industrial sys-
tems can produce edible and healthy whole kernels in a short time. Hence, microwave 
ovens can be more efficient than conventional ovens and hot-air toasting technolo-
gies. However, most current applications are related to household microwaves with 
digital touchscreen control that only includes the heating program for popcorn, which 
does not require intensive movement of the packed kernel. In addition, the available 
studies aim at industrial toasting applications, where a microwave toasting machine 
has a feeding system that evenly distributes on the conveyor belt for raw materials like 
barley, oatmeal, whole kernels, seeds, pistachio, almonds, peanuts, and other nuts.

This chapter overviews recent research and innovation in microwave toasting for 
household and industrial applications. Also, the need for innovation in household 
microwave ovens to toast packaged kernels and obtain homemade snacks is addressed. 
Practical application approaches microwave toasting, and proposed packaging based 
on those available for microwave popcorn are also discussed. This chapter provides 
the first look at raw kernels packaged for toasting as a current challenge for micro-
wave technology.

2.  Overview on roasting and toasting foods

Dry heat is the heating medium for roasting and toasting methods in food produc-
tion. Therefore, roasting and toasting raw food matrices do not use water or oil to 
convert them into ready-to-eat forms with special sensory attributes. Roasting is a 
culinary art applied to raw foods such as meat, fish, potatoes, plantains, apples, and 
other vegetables, that is, to raw food matrices with high moisture content (greater 
than 70%). Toasting, also of ancestral use, is applied to raw food matrices with low 
moisture content (less than 15%), such as cereals, other kernels, seeds, and dry nuts. 
Consequently, this chapter discusses the toasting of kernels in household microwave 
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ovens and the findings available to advance microwave applications in the food 
industry. Figure 1a and b, respectively, illustrate the increasing activity in toasting 
processes expressed as the total number of publications available worldwide and the 

Figure 1. 
Number and average of toasting research publications from 2004 to 2024: (a) the total number of publications 
available worldwide, and (b) an average of publications for three-year periods. Studies on popcorn and other 
food matrixes with intermediate and high moisture content are excluded.

Figure 2. 
Number and average of microwave toasting research publications from 2004 to 2024: (a) the total number of 
publications available worldwide, and (b) an average of publications for three-year periods. Studies on popcorn 
and other food matrixes with intermediate and high moisture content are excluded.
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average number of publications for three-year periods collected from 2004 to 2024. 
Studies on popcorn or food materials with intermediate and high moisture content 
are excluded. Furthermore, interest in microwave toasting is also growing in the 
cycle evaluated, even though the number of publications and its increase is limited 
(Figure 2a and b). The general review of the results shows great progress in the last 
6 years. It represents a challenge to the current popularity of microwave technology 
over conventional processes in other fields.

3.  Raw kernels packaged for microwave toasting

3.1  Current research

Microwave toasting is a topic that has greatly interested researchers and toasting 
equipment developers worldwide. The knowledge generated shows the potential 
application of microwave toasting in the different fields of kernels, seed, and nut 
processing [22]. Recent studies reveal the feasibility of using a household microwave 
oven to toast maize kernels packed in kraft paper bags by 312–390 seconds. These 
results suggest that Andean maize types (Zea mays amylacea and Zea mays saccharata) 
with specialty toasting kernels can be packaged and subjected to dry heat in a micro-
wave oven, alternating with rapid manual shaking during the toasting period [23, 24]. 
In these studies, the problem of non-uniform heating has been overcome by rapid 
manual shaking of the packages containing 150 g kernels. Microwave ovens widely 
used in homes and restaurants may be a good alternative to apply these findings in 
making ready-to-eat products by toasting other whole kernels, seeds, and nuts at 
home. However, no more information is available regarding raw kernels packaged for 
toasting in home microwave ovens, and the previous studies referred to are the first 
advances on this topic [2, 23–25]. The only cases are raw microwave maize types.

3.2  Raw microwave toasting maize types

Specialty maize types for toasting at home are floury maize (Zea mays amylacea) 
and sweet maize (Zea mays saccharata). However, maize kernel toasting using a pan 
is a slow process that can take 20 minutes to reach a uniform golden brown color with 
small kernel sizes [2]. Therefore, microwave toasting is an innovative application to 
prepare soft and crispy maize kernels in short heating-toasting times. Additionally, 
the packaged raw kernel for home microwave toasting aligns with the increasing 
interest in microwave toasting and the new trend toward healthy first-generation 
homemade snacks. Figure 3 illustrates the ancestral form of toasting, the domestic 
practice of toasting at home, and the experimental trial of microwave-packed kernel 
proposed as an innovative alternative for processing floury and sweet maize types.

Floury maize used for toasting has kernels with completely soft endosperm, with-
out vitreous fraction. The kernels are elongated in shape and large. The surface color 
varies from pale yellow to matte yellow, and the endosperm color is white. The toasted 
kernels are easy to chew, and the surface color changes to golden-brown with signifi-
cant variations in physical, chemical, structural, and texture properties between raw 
and toasted kernels [2, 25]. Figure 4a, illustrates that elongated kernels, yellow peri-
carp, white, and entirely soft endosperm are the main characteristics of floury maize 
to make “Tostado.” Figure 4b, shows the cross-section of maize kernel after toasting 
(ready-to-eat maize) with a soft appearance and easy to chew. The completely floury 
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endosperm appears as a simple starch-based material compared to starch-protein and 
lipid composites from other starchy sources. Therefore, Figure 4(a and b) suggests 
that these toasted whole kernels can be the first insight into future challenges to modify 
starch at the whole kernel endosperm level using microwave heating-toasting.

The mature native sweet maize kernels are shrunken and vitreous after drying. 
The vitreous fraction is translucent, and the color can vary between beige and yel-
low. The shrunken endosperm has a sugary-vitreous fraction more significant than 
the floury endosperm, with high total sugars and water-soluble index [24, 25]. The 

Figure 3. 
Approach to maize kernel toasting from ancient to innovative: (a) ancestral toasting method (https://www.
youtube.com/watch?v=IDJfAbAehKo), (b) domestic method, using an electric pan, and (c) experimental roasting 
test in a microwave oven.
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high water-soluble solids non-converted in starch contribute to the developing crispy 
texture and more intense golden-brown color in sweet maize than floury maize during 
toasting [2]. Figure 4c, exhibits a shrunken yellow kernel and cross-section with a 
sugary-vitreous fraction greater than floury endosperm. Figure 4d, shows the cross-
section of maize kernel after toasting (ready-to-eat maize) with a crispy texture to 
chew. There are significant structural changes between raw (Figure 4c) and toasted 
sweet kernels (Figure 4d), indicating that sweet maize toasted by microwave can be 
an interesting first-generation snack food.

According to the results of microwave heating-toasting at different times, most of 
the geometric, gravimetric, milling and color properties in maize kernels are time-
related variables and correlate between them, reflecting the gradual effect of volumet-
ric heating occurring in individual kernels, e.g., the decrease in density correlates with 
the increase in the volume of individual kernels due to water loss and kernel expansion 
with the formation of cavities in the endosperm [23]. Tables 1 and 2 display the cor-
relation coefficients established between the dependent variables used to characterize 

Figure 4. 
Specialty maize kernels for toasting before and after being subjected to microwave heating at 492 W for 390 
seconds, interspersing rapid manual movement of the packed kernel: (a) raw floury maize, (b) toasted floury 
maize, (c) raw native sweet maize, (d) toasted native sweet maize. Unpublished photographs.
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the microwave toasting of packaged maize kernels. Except for the water-soluble 
index (WSI) in floury maize, the remaining maize kernel properties are time-related 
variables. Their correlation coefficients indicate that the raw maize kernels packaged 
and subjected to microwave treatments mainly depend on geometrical properties 
because these dependent variables present a high correlation with gravimetric, 
milling, and color properties, for sweet maize with a smaller kernel size than that for 
floury maize. Figure 5a reveals that maize kernels’ geometric mean diameter (GMD) 
is a time-related variable. Based on the characteristic size of each specialty maize for 
toasting, the GMD separates the microwave heating-toasting effect by type of maize. 
By plotting against the GMD, the bulk density (Figure 5b), the internal porosity of the 
whole kernels (Figure 5c), and the average particle size of milled kernels (Figure 5d) 
display the degree of existing correlation and reflect the influence on each mate-
rial due to microwave treatment times. Regarding Figure 6a, the volume of maize 

Figure 5. 
Microwave heating-toasting effect on geometric mean diameter GMD and its correlation with other time-related 
variables determined in floury and sweet maize subjected to 492 W for 390 seconds: (a) GMD versus time, 
(b) bulk density versus GMD, (c) internal porosity versus GMD, and (d) average particle size versus GMD. 
Unpublished plots.
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Figure 6. 
Microwave heating-toasting effect on individual kernel volume and its correlation with other time-related 
variables determined in floury and sweet maize subjected to 492 W for 390 seconds: (a) kernel volume versus time, 
(b) bulk density versus kernel volume, (c) internal porosity versus kernel volume, and (d) average particle size 
versus kernel volume. Unpublished plots.

individual kernels varies by the effect of the microwave treatment time in agreement 
with the GMD. Thus, the kernel volume correlates with the bulk density, the internal 
porosity in whole kernels, and the average particle size of milled kernels, as shown 
in Figure 6(b, c, and d, respectively), demonstrating that maize geometry (size 
and shape) greatly influences the microwave heating of packaged kernels. Figure 7a 
shows that the bulk density is a variable related to the microwave treatment time. 
Figure 7(b–d) show the correlations with the variables associated with the structural 
properties of the endosperm in floury maize and sweet maize, expressed as internal 
porosity of whole kernels and average particle size in milled kernels. However, the 
variation does not contribute to differentiate between maize genotypes with floury 
endosperm, suggesting that the effect of microwave toasting may be similar for food 
matrices with the same structural pattern. Figure 8a exhibits the decreasing variation 
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of the space color parameter L* (lightness) by the effect of microwave heating time on 
the surface color of maize kernels. L* parameter is a time-relate variable whose varia-
tion depends on the size of maize kernels. The correlation between the water-soluble 
index (WSI) and the L* parameter shows the structural difference between sweet 
and floury maize (Figure 8b). However, the trends between the two types of floury 
maize are not well separated. A good correlation exists between the increasing overall 
difference in surface color (ΔE*) and the decreasing L* parameter (Figure 8c). This 
correlation suggests that rapid measurement of the L* parameter can be considered for 
quality control of microwave toasting at the industrial level. The parameter L*, relative 
to the surface ΔE* due to the microwave treatment, correlates with the surface area of 
the maize kernel and exhibits a clear distinction in the trends of the three materials 
presented (Figure 8d). This is attributable to the differences in the size and shape of 

Figure 7. 
Microwave heating-toasting effect on bulk density and its correlation with other direct and indirect time-related 
variables determined in floury and sweet maize subjected to 492 W for 390 seconds: (a) bulk density versus time, 
(b) internal porosity versus bulk density, (c) average particle size versus bulk density, and (d) average particle 
size versus internal porosity. Unpublished plots.
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Figure 8. 
Microwave heating-toasting effect on lightness (L*) of the CIE color space and its correlations with other time-
related variables determined in floury and sweet maize subjected to 492 W for 390 seconds: (a) L* versus time, 
(b) water-soluble index (WSI) versus L*, (c) color difference (ΔE*) versus L*, and (d) L* versus surface area. 
Unpublished plots.

maize kernels, proving that the geometry of the product subjected to microwave treat-
ment influences the color development of the maize surface area.

3.3  Practical application on raw microwave maize

All raw materials that, in the form of whole kernels, are transformed into first-gen-
eration snack foods by conventional toasting or frying methods can be packaged for 
toasting in a microwave oven, e.g., maize, chickpeas, beans, peanuts, and some nuts.

There are two practical applications to the types of maize. One is very recent with 
floury maize (Zea mays amylacea). Thus, microwave-packaged raw maize using floury 
maize is now available in the Ecuadorian consumer market. The product comes from 
a small-scale enterprise and is based on previous unpublished trials carried out in 
local research institutions. In this case, the major concern is the lack of a system for 
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moving the packaging in the oven cavity that ensures continuous position changes of 
the kernels within the packaging during toasting. Raw popcorn (Zea mays everta) for 
household microwave ovens is another commercial product developed in the United 
States several decades ago. It is distinguishable by its endosperm matrix with natural 
popping capacity compared to the floury maize snack food (Figure 9). Popcorn is 
the primary first-generation homemade snack food compared to the same product 
obtained by conventional popping, reflecting the current popularity of microwave 
technology over traditional techniques.

3.4  Microwave packages for raw kernels

Many patents are related to microwave popcorn bags [26–28], so packaging refers to 
a bag with the basic structure for packaging raw popcorn kernels. A bag of this type is 
designed to unfold and increase its volume due to the steam generated during the toasting 
of the kernel. The free end vertices of the bag have a rounded configuration to prevent 
blocking with the oven cavity walls due to increased volume. The bag’s volume depends 

Figure 9. 
Raw maize kernels packed for microwave oven: (a) microwaveable packaging with floury maize kernel, (b) 
microwaveable packaging with popcorn, and (c) first-generation snack foods made with floury maize and 
popcorn.
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on the moisture content and the expansion capacity of the kernel. Therefore, the total 
width and the width of the folds are the parameters that can be varied in packaging for 
toasting other kernels with a reduced expansion volume, e.g., the reduced kernel expan-
sion in floury maize compared with popping expansion in popcorn (Figure 9).

4.  Innovation in microwave ovens for household and industrial use

Based on traditional toasting, the heat from the hot pan is transmitted evenly 
to the kernels through constant manual movement with a paddle. In this way, all 
kernels reach an approximately similar heating temperature. Consequently, con-
tinuous position changes of the kernels within the packaging are required during 
microwave toasting. Microwave technology in the toasting process aims to reduce 
operation time and improve final product quality. However, raw kernel packaged for 
microwave is challenging for household oven technology powered by the 2450 MHz 
frequency spectrum. The household microwave oven consists of a magnetron, a 
waveguide, and an aperture to a rectangular cavity. The microwave radiation, gener-
ated by magnetron produces reflection that leads to a nonuniform heating pattern 
even in standardized sample sizes [29]. According to the literature, the non-uniform 
distribution of the electromagnetic field due to the cavity geometry requires effec-
tive systems to achieve a uniform heating temperature [30], and attain adequate 
sample movement [31].

Likewise, a 915 MHz frequency is generated by a magnetron for industrial pro-
cesses with a non-uniform electromagnetic field distribution. Therefore, the current 
studies aim to overcome this limitation. Solid-state generators have been recently 
introduced as capable of performing electronic control over the frequency and mag-
nitude of the excited microwave field and heating processes for both continuous and 
pulse operations [29]. The narrow and stable bandwidth of the solid-state generator 
produces a single standing wave pattern, resulting in stable and predictable food heat-
ing patterns, inferring that the available information provides fundamental insights 
into solid-state microwave heating [32]. Considering the magnetron as a fundamental 
element in microwave technology, it is estimated that the increase in magnetrons in 
specific positions makes it possible to overcome the problem of non-uniform tem-
perature distribution in the cavity [33]. Concerning the non-uniform electromagnetic 
field distribution caused by reflection at the cavity walls, its geometry seems to be 
decisive in how microwave heating is distributed, so sample rotational movement, 
cavity geometry, and frequency can affect temperature and electromagnetic field 
distribution at the industrial scale [30].

On the other hand, the advances in uniform microwave heating aim to improve 
the volumetric heating of solid samples with rotary motion devices adaptable to 
all kinds of microwave cavities irrespective of geometric shapes [34]. Therefore, 
microwave toasting suggests developing theoretical or empirical models related to 
this process. However, the assumptions required to apply Fick’s second law of diffu-
sion in drying processes do not satisfactorily describe the maize kernel toasting by 
microwave heating. In raw maize packaged for microwaves, there is influence from 
both the geometry of the packaging and the geometry of the individual kernels. In 
addition, microwave toasting with intermittent manual shaking causes an increase 
in maize kernel volume ascribed to internal porosity generated by water migration 
[2]. The toasting kinetics in raw microwave maize inside the packaging is a challenge 
for future understanding. The first insight is the wide range of variables related to 
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microwave toasting time determined for microwave-packaged maize [23, 24]. The 
geometric shape of the product can also affect the reflection of microwave electro-
magnetic energy, power absorption efficiency, and penetration depth into the product 
from surface area [29]. The influence of sample size and geometry on the reflection of 
microwave electromagnetic radiation is still an unexplored field. The available infor-
mation focuses on searching for optimal food geometries with high moisture content 
and specific sizes, such as potato tubers and portions of meat or fish. It is expected 
that the findings achieved will contribute to the design of packaged and unpackaged 
product geometries [35].

5.  Microwave toasting for industrial application

Most current studies on kernel toasting apply the fundamental principles of 
microwave drying on a single layer of products spread on flat surfaces [36–39], so 
the drying irradiation fundament can be used in microwave industrial-scale toast-
ing operations. The principle of microwave drying has generated a large amount of 
information worldwide. However, microwave toasting for industrial scaling requires 
further research, consistent with the growing trend of publications on microwave 
toasting observed in Figure 2, reported at the beginning. Consequently, this section 
highlights the following issues: (1) microwave toasting to make first-generation snack 
foods; (2) microwave expansion phase to obtain third-generation snack foods; (3) the 
toasting required in the cocoa and coffee industries; (4) the toasting of whole kernels, 
whether these are cereals, minor kernels or legumes, for the development of new 
ingredients rich in biocomponents or techno-functional properties; (5) inactivation 
of antinutritional compounds by toasting effect; and (6) the formation of acrylamide. 
Table 3 summarizes the studies related to microwave technology with application 
perspectives in industrial kernel toasting.

Raw material Higher goal Microwave experiments Relevant results References

Sunflower seeds 
(Helianthus 
annuus L.)

To examine the 
effect of different 
toasting methods 
on sensory 
attributes, texture, 
and fat properties.

Convection oven at 180 °C.
Time with four levels: 5, 
10, 20, and 25 minutes.
Microwave oven, 
2450 MHz
Power with three levels: 
500, 600, 800 W.
Time with three levels: 4, 
6, and 8 minutes.

Microwave toasting did 
not diminish the sensory 
quality of the product.

[7]

Chickpeas To determine 
the effect of 
different roasting 
methods on the 
compositions, 
powder properties, 
texture, and 
sensorial properties

Conventional method.
Temperature at 250°C.
Microwave method 
2450 MHz
Power with three levels: 
100, 300, and 600 W.
Time with three levels: 3, 
5, and 7 min.
Microwave-assisted 
conventional method.
Microwave study 
treatment with additional 
toasting at 250°C.

The treatment to 300 W 
for 3 minutes and 
additional toasting at 
250°C is reported for 
chickpea snack foods 
with the highest sensory 
scores.

[8]
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5.1  Microwave toasting to make first-generation snack foods

Microwave toasting to obtain first-generation snack foods (1G) is a viable 
application in batch and continuous operations. The knowledge generated on the 
fundamentals of the food toasting process [22, 41] and the different experimental 
findings [7, 8, 42] have stimulated microwave oven developers to work on innova-
tive designs with devices required in the experimentation laboratories and for the 
industrial scaling of microwave findings.

5.2  Microwave expansion phase to obtain third-generation snack foods

The microwave expansion phase to develop third-generation snack foods is a healthy 
way of improving nutrition value, texture properties, and sensory attributes [10, 43] . 
Thus, extruded, or pelleted products can be expanded indirectly by microwave heating-
toasting phase in the snack food technology [43]. Third-generation snack foods are 
made with non-traditional ingredient formulations for typical extrusions. New or exotic 
ingredients can be incorporated to obtain products differentiated in nutritional value, 
texture properties, and sensory attributes [40]. However, the extrudates are interme-
diate products (pellets, flakes) that follow the next expansion phase by microwave 
heating-toasting, achieving fortification in nutritional value, new texture properties, 
and specific sensory attributes.

5.3  The toasting required in the cocoa and coffee industries

Toasting is an essential step in the cocoa industry that includes the combined 
use of time-temperature profiles to optimize the toasting degree. Toasting causes 

Raw material Higher goal Microwave experiments Relevant results References

Peanuts, 
hazelnuts, 
walnuts

To improve the 
taste of the snack 
foods and results 
in energy with 
microwave toasting.

Microwave oven 
2450 MHz
Power in three levels: 
500, 600, and 800 W.
Time in three levels: 4, 6, 
and 8 min.
Convection oven at 180°C.
Time with four levels: 5, 
10, 20, and 25 min.

Microwaving can 
ensure effective 
protection against 
hydrolytic rancidity and 
deterioration of primary 
oxidation compounds.

[7]

A base mixture 
of blue corn 
and powdered 
spinach reached 
with black bean

To evaluate the 
combined process 
of extrusion 
and microwave 
expansion on the 
third-generation 
snack food 
properties

Extrusion.
Black beans in three 
levels: 11, 22, and 33%.
Microwave oven, 
2450 MHz
Power of 1000 W for 23 s

It is possible to produce 
3G snacks with bioactive 
properties and improved 
protein quality using 
a combination of 
extrusion cooking and 
microwave heating.

[40]

Corn flakes 
with 20%

To study the 
toasting of 
cornflakes by

Microwave oven, 
2450 MHz
Power in three levels: 
504, 672, and 840 W.

The results suggest that 
microwave toasting 
could be a good 
alternative

[10]

Table 3. 
Summary of the perspectives of microwave technology application in the kernel toasting industry.
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physicochemical and microstructural changes in cocoa beans that ensure their char-
acteristic aromas and flavors. A comprehensive review of the state of the art of cocoa 
toasting provides important insights into the use of microwaves in cocoa toasting [11], 
and allows consider the microwave technology to toast cocoa beans for future stud-
ies. The impact of microwave-toasting cocoa beans on the aroma and phytochemical 
profile of dark chocolates (70% cocoa) is reported compared to chocolates produced 
from cocoa beans toasted by convection at 130°C for 30 minutes. Indeed, the results 
validate the use of microwave toasting for cocoa beans and project as a promising 
technological step that can be scaled with further research to improve the specialty 
sensory characteristics in chocolate production [11, 44].

Coffee is a hot drink consumed worldwide. It is made from toasted coffee beans, 
and its characteristic aroma and flavor depend on specialty compounds developed 
during the toasting step [45]. Thus, toasting is one of the critical steps for the process-
ing of coffee beans to be used in beverages. There are limited studies on coffee bean 
toasting by microwaves. However, the comparative results between conventional and 
microwave toasting reveal a similar effect on volatile components and less caffeine 
and chlorogenic acid reduction with microwave toasting [46], so microwave radiation 
can be used as an innovative toasting technology for coffee beans.

5.4  The toasting of whole kernels for the development of new ingredients

The heating and toasting of whole kernels are topics of current research that 
seek to establish specific conditions to modulate changes in the multi-component 
matrix of each type of kernel [17]. Cereals [36], minor kernels [19], legumes [8, 47], 
oilseeds [48, 49], and other seeds can be potential sources of new food ingredients 
through microwave heating and toasting. The studies carried out in recent years show 
the effect of microwave technology on the microstructure, composition, bioactive 
components, and physicochemical properties of different kernels [47–50].

5.5  Inactivation of antinutritional compounds by toasting effect

Some starchy kernels modified (treated) with dry heat can exhibit specific physi-
ological functions such as antidiabetic and anti-inflammatory activity from residues 
encapsulated in starch-protein structures [17]. For some legumes (pulses), the thermal 
treatment contributes to deactivating antinutritional factors such as tannin, protease 
inhibitors (trypsin, chymotrypsin), and phytic acid, while preserving the functional 
properties of legumes. In summary, these works provide data support to investigate 
microwave use to deactivate antinutritional factors in raw materials [21, 51].

5.6  Acrylamide formation

Acrylamide is classified as a potential carcinogen (Group 2A) in humans. However, 
little is still known about the levels of acrylamide in different foods and their potential 
risk [52, 53]. The major pathway of acrylamide formation seems to be the Maillard 
reaction, in particular, in the presence of the amino acid asparagine [54]. Therefore, 
the acrylamide content in cereals depends on several factors, such as the level of free 
asparagine, the composition of the food matrix, and the time-temperature profiles of 
the thermal treatments [52]. Toasting is important in the nut industry to develop fla-
vor and texture. However, the Maillard reaction may result in acrylamide formation. 
For example, raw and salted pistachios treated under hot air, infrared, and microwave 



Microwave Technologies – Recent Advances and New Trends and Applications

18

Author details

Nelly Lara
Central University of Ecuador, Quito, Ecuador

*Address all correspondence to: nvlara@uce.edu.ec

toasting present the highest amounts of acrylamide in raw pistachios toasted by 
infrared. In contrast, a lower amount is observed for the microwave irradiation [55]. 
Consequently, research on opportunities for the application of microwave toasting 
technology should have acrylamide content as another measurement variable.

6.  Conclusion and future prospective

This chapter shows that toasting kernels, seeds, and nuts is a current topic and 
has sparked interest worldwide, focusing on snack foods and developing ingredients 
with new properties. Except for popcorn and its natural popping capacity, microwave 
toasting of packaged whole kernels is an unexplored field. Its importance is based on 
the opportunity to prepare different types of first-generation snack foods at home. 
Based on the popularity achieved by the microwave oven for home use and the accep-
tance of first-generation snack food among consumers, innovation in the microwave 
oven for home use is a challenge for microwave technology. The lack of uniformity in 
volumetric microwave heating due to the reflection of electromagnetic radiation is 
recognized in domestic ovens and conveyor belts for industrial applications. Uniform 
temperature distribution in packaged and unpacked food and the heating space is the 
highest goal of the advances. The experiments could be designed with independent 
and dependent variables based on the source of microwave generation, the microwave 
heating space specifications, and the food’s properties, including type, shape, and size.
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Chapter 2

Microwave Rewarming of
Limb Frostbite Injuries
(Simulation of Modes)
Grigory Dunaevskiy, Alexander Nechaev, Polina Smygalina
and Igor Dorofeev

Abstract

Cold limb injury remains a serious and widespread condition both in countries
with a cold climate and in regions located close to the equator, but having high-
altitude territories. There is no medical equipment for the treatment of this condition.
One of the ways to solve this problem is the use of microwave radiation at an early
stage, which penetrates deep into the cooled volume and, accordingly, can accelerate
the activation of internal vessels. The technical implementation of this approach
involves the selection of the appropriate frequency and power of radiation, as well as
the creation of a microwave chamber in which it is possible to ensure a sufficiently
uniform heating of the entire volume of the frostbitten limb. The results of modeling
the distributions of electromagnetic and thermal fields in the volume of the heated
limb at microwave frequencies allowed for medical applications are presented.

Keywords: limb frostbite, microwave heating, field modeling, temperature
distribution, amputation prevention

1. Introduction

A large part of the world population lives in areas with subzero winter
temperatures, where frostbites of extremities are quite common. Such injuries
occur in warmer climates as well—in high-mountain regions, high-altitude stations
and ski resorts. Frostbite of hands or feet develops unnoticeably and without pain,
but the complications can be extremely severe and often result in amputations or
disability [1–4].

Surprisingly, to date, no equipment exists to treat this condition.
The aforesaid negative outcomes tend to develop with deep, volume frostbites

when due to low temperatures, blood flow and lymph circulation are impaired or
entirely stop in the limb volume. In these cases, any attempts to rewarm outer areas
(the most common scenario in frostbites) result in a rapid dilatation of topmost
vessels, which try to “push” their contents. At the same time, main deep-seated
vessels remain ischemic due to the cold and prevent the blood/lymph flow, which
invariably causes thrombosis, ruptures, and necrosis. This explains why fingers and
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toes are particularly affected. They rewarm quickly but amputations are practically
inevitable if other vessels of the extremities (palms, forearms, feet, lower legs) are not
activated.

One of the possible approaches to this problem is the use of deeply penetrating,
microwave radiation, which helps rewarm the inner volume of an extremity and
activate innermost blood vessels more quickly.

In medicine, electromagnetic fields (EMFs) have wide applications, including deep
rewarming. One of the uses is physical therapy [5–8]. Physical therapy machines are
comprised of a microwave generator and a set of antennas, which are applicators that
focus microwave radiation on the specific area of the body. The maximum generator
power is 200 W [9] up to 400 W [10] and both permanent and pulsed modes are
possible. During the procedure, the patient wears safety goggles and the technician
must leave the room. Such machines are ineffective for rewarming of frostbitten limbs
because they do not rewarm the entire volume of the limb simultaneously and uni-
formly.

Another EMF application in medicine is induction of hyperthermia in malignant
tumors [11–13]. For this purpose, more powerful electromagnetic machines, also with
narrowly targeted antennas are used. Thus, this equipment is not applicable for the
condition in question either.

In this paper, we describe the method of limb rewarming in a closed metal cham-
ber, which provides thawing of the affected limb simultaneously from all sides [14].
The patient and the technician can be completely protected from the negative expo-
sure. Moreover, to achieve the desirable effect, considerably less powerful microwave
radiation is sufficient.

I. Gorelik demonstrated the efficacy of this technique in rabbits [15].
In Figure 1, scintigrams of rabbit limbs following frostbite and a recovery proce-

dure with microwaves are shown.
Clearly, more research is in order to apply this technique to treatment in humans.
We will not explore here the medical aspects of this technique, assuming that all

positive and negative sides of microwave rewarming were investigated at the time of
designing of these physical therapy and hyperthermia machines. However, it is
important to note that to ensure the activity of blood and lymphatic vessels, the entire

Figure 1.
Scintigrams of rabbit limb vessels following frostbite and microwave rewarming: 4 hours after frostbite (a), 1 hour
after microwave exposure (b).
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volume of a frostbitten limb must be rewarmed to over 15°C [4] as this is the absolute
threshold when the vessels do not simply “open” but create the necessary flow of
fluids.

For an effective and safe application of the proposed technique in humans, it is
important to examine it as carefully as possible, using mathematical and numerical
modeling as well as physical modeling on limb-equivalent dielectric phantoms. The
modeling made it possible to better describe field distribution within the volume of an
affected limb and experiments in the phantoms resulted in recommended values of
the microwave power fed to the chamber as well as the duration of rewarming
procedures.

Clearly, the reader is interested in practical applications of the technique. Nor-
mally, rigorous healthcare regulations require meticulous preclinical and clinical
research of new treatment methods. Because for the actual application of the tech-
nique, a certified SMVI-200 physiotherapeutic device was used and the microwave
radiation was far less powerful than the maximum allowed for this device, the TSU
Committee of Bioethics allowed the team of developers to enroll informed volunteers
in the studies. The final part of the chapter gives an overview of the findings.

2. Microwave rewarming in the chamber. Principle, features, physical
problems

A multi-wave metal chamber was proposed as the basis of the recovery technique
when the electromagnetic microwave field is fed to an affected limb from all sides
simultaneously. A schematic diagram of this device is shown in Figure 2.

The limb is placed inside a chamber (1) through the opening in one of the
chamber walls. The opening is equipped with a radioprotective sleeve (2). The
excitation is performed by a generator (3) from the outside of the chamber via the
built-in antenna (4).

Figure 3 shows one of the possible designs of this device, where a generating unit
of a SMVI-200 medical physiotherapeutic device [16] is used as a microwave genera-
tor. This generating unit produces microwave frequency of 2.45 GHz. Notably, even
though the highest power of this device is 200 W, to achieve the desired effect, 30–
40 W of power output is sufficient.

Figure 2.
Schematic diagram of the microwave rewarming device: 1 –Microwave chamber, 2 – Safety sleeve, 3 –Microwave
generator, 4 – Source antenna [14].
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If we assume that microwave rewarming is sufficiently explored from the medical
viewpoint, the application of this design to treat humans, though seemingly simple,
should be justified clearly in terms of technology.

The key task is to determine the distribution of electromagnetic and thermal fields
in the chamber and in the volume of the affected limb and estimate the extent of
nonuniformity of the fields and their behavior in fingers and toes. Palms, fingers, and
toes require special attention because they can be considered critical zones because on
the one hand, they are most susceptible to frostbite, and on the other, they can be
rewarmed with microwave radiation far faster than the remaining limb volume,
which may negatively affect treatment outcomes.

The choice of the microwave frequency is highly important. Biological tissues that
form limbs (skin and fat, muscles, bones) are considerably different in terms of
dielectric permittivity and electrical conductivity, which vary at different frequencies.
Thus, the rewarming depth and rapidness depend on the frequency.

It is also important to study the behavior of the rate of reflection of microwaves off
the chamber and related with it voltage standing wave ratio (VSWR), which deter-
mines what amount of the power fed by the generator reaches the chamber and gets
absorbed inside the limb and what amount is reflected back and not used for
rewarming.

3. Field modeling in a dielectric phantom

A human limb (an arm or a leg) is a multi-component object of a complex and
continuously varying shape, which is quite difficult to describe with a mathematical
model. Even a greater difficulty is to create a physical phantom that accurately imi-
tates a limb with all its variety of tissues. For this reason, both mathematical models
and physical phantoms are inevitably simpler yet still suitable for predicting
rewarming dynamics of a real object.

Figure 3.
A design of the rewarming limb device with a microwave chamber and a generating unit of SMVI-200 medical
physiotherapeutic device [16].
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The mathematical problem of describing electromagnetic and thermal fields in the
limb placed inside a microwave chamber can be presented as a simultaneous solution
of Maxwell equations describing the electromagnetic fields,

rotH
! ¼ �iωεε0E

! þ σE
!

rotE
! ¼ iωμμ0H

!

(
, (1)

and a Pennes bio-heat equation describing the process of heating a limb (or an
imitating phantom) with the electromagnetic field [17]:

ρC
dT
dt

¼ k∇T r!, t
� �

� ωBCBρB T � TBð Þ þ qM r!, t
� �

þ qMW r!, t
� �

: (2)

This equation consists of the following terms: �ωBCBρB T � TBð Þ is a summand

arising from the heat transfer by the blood flow, qм r!, t
� �

is energy produced in the

tissue as a result of metabolism [W/m3], qMW r!, t
� �

is energy absorbed in the tissue

due to microwave electromagnetic fields [W/m3].
The paper [18] demonstrates that for a simplified model, for example, a single-

layer cylinder, the analytical solution of the three-dimensional bio-heat equation is
possible with a Green’s function. In our case when the object (a limb) has multiple
layers, it is reasonable to use a one-dimensional model only [19–21], which helps
describe the process of microwave rewarming in layers.

We will study a phantom representing a one-dimensional model consisting of five
plane-parallel uniform layers with biophysical properties of human tissues (Figure 4).
The model is idealized and enables the modification of physical properties, layer
thickness and layer number. It is assumed that a plane wave is incident on the
phantom surface, any loss occurs only within the volume of the warmed layer, and all
the delivered power is absorbed only within the volume of the phantom.

Furthermore, we will contemplate the solution of the heat-transfer Eq. (2) without
accounting for the energy of metabolism and heat transfer by the blood. This
approach is justified because during hypothermia, the blood flow in tissues virtually
stops and the metabolism is also minimal. Without the aforementioned terms, the
Pennes equation turns into the heat-transfer equation for a solid object inside which
there are heat sources, i.e. in our case, absorbed power of the EMF:

Figure 4.
A schematic diagram of the single-layer problem in question: A five-layer model of the phantom consisting of the
skin, muscles, bones, muscles, skin.
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ρC
∂T
∂t

¼ λΔT r!, t
� �

þ qMW r!, t
� �

: (3)

The EMF volume power for a one-dimensional problem can be written as:

qMW rð Þ ¼ 1
2
σ ∗E rð Þ2: (4)

Electric field intensity Е included in the volume power expression can be deter-
mined by solving the Eq. (1). For a simplified one-dimensional model, the field can be
described as the following expression:

E zð Þ ¼ E0e�
z
d þ E0e

z�Z
d , (5)

where Z is the thickness of the rewarmed layer, and d – the thickness of the
penetration depth. Because, the distribution occurs in the multi-layer environment,
the value of penetration depth and distribution of the field intensity are calculated
individually for each layer.

First, the initial condition defining the temperature of an entire phantom is set:

t ¼ 0 : T z, 0ð Þ ¼ T0, 0≤ z≤Z: (6)

In the phantom, at interfaces between the biological layers, the interface boundary
condition equation is used and expressed as follows [22, 23]:

�λ1
∂T1 z0, tð Þ

∂z
¼ �λ2

∂T2 z0, tð Þ
∂z

T1 z0, tð Þ ¼ T2 z0, tð Þ

8<
: : (7)

Two problems are interesting to explore. The first is to consider gravity-type
airflow between the environment and the warmed object. To solve it, the convection
boundary condition is used [22, 23]:

z ¼ 0 : �λ
∂T 0, tð Þ

∂z
¼ κ Tair � T 0, tð Þð Þ, t>0; (8)

z ¼ Z : �λ
∂T Z, tð Þ

∂z
¼ κ T Z, tð Þ � Tairð Þ, t>0: (9)

The second problem is related to a situation when the rewarmed object is
surrounded by the medium sustained at a constant temperature, for example, by air
blowing around at a specific temperature. To solve it, the specified boundary condi-
tion is used [22, 23]:

z ¼ 0 : T 0, tð Þ ¼ Tair, t>0; (10)

z ¼ Z : T Z, tð Þ ¼ Tair, t>0: (11)

In the expressions above, κ is the heat-transfer ratio that describes heat flow from
one medium to the other. For natural convection air, it ranges from 1 to 25 W/m2°C
[22]. For the purpose of further calculation experiments, the value of κ = 25W/m2°C is
chosen.
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The heat-transfer equation was numerically solved with the sweep method, which
is often used to solve heat-transfer equations [24, 25]. It is one of the methods of a
sequential elimination of unknowns. For the sweep method Eq. (3), partial differen-
tials need to be approximated with corresponding finite differences, which results in
the system of linear algebraic equations. To solve the heat-transfer problem in a multi-
layered one-dimensional phantom imitating human tissues, Mathcad 15 package was
used [26] for this method.

Parameters of biological tissues that were applied to model the phantom are
presented in Table 1 [27]. The initial temperature of the cool phantom was 10°C, the
surrounding air was 25°C.

The spatial parameters in the examples below are as follows: the overall phantom is
80 mm thick, the skin layer is 4 mm, the muscle layer is 28 mm, and the bone layer is
16 mm.

Figure 5 shows temperature distribution across the phantom when the phantom is
rewarmed (a) without the electromagnetic field only owing to the thermal exchange
with stationary air, and (b) by forced air of +25°C. The latter was proposed in the
paper [28] to cool the skin layer during microwave rewarming to minimize the risk of
overheating critical zones.

With microwave rewarming, the distributions change, that being considerably
dependent on electromagnetic field frequencies. Corresponding thermal field distri-
butions are shown in Figure 6.

The role of microwave rewarming and the dependency of the end result with the
frequency value is clearer in Figure 7, where temperature distributions after 30-
minute rewarming in the absence of the electromagnetic field and with fields of
different frequencies are shown.

Critical zones, such as fingers, toes, palms, that is, a less thick phantom, demon-
strate a drastically different picture. Figure 8 shows field distributions in a 5-layer
phantom with a total thickness of 2 cm after 30-minute rewarming.

Rapid rewarming is observed throughout the entire depth of the phantom and
without forced moving air, there is a high risk of overheating, particularly, with the
low-frequency microwave exposure.

Figure 5.
Distributions of temperature fields in a one-dimensional phantom with microwave-free rewarming in stationary
air (a) and by forced air (b) of 25°C.
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4. Modeling of the chamber with a dielectric phantom inside in CST studio

As noted above, because a human limb does not lend itself easily to a mathematical
description, initially, the modeling was performed by imitating it with a dielectric
phantom of a more basic shape with similar dielectric permittivity and thermal con-
ductivity. For example, the paper [29] explores field distributions in a cylindrical
dielectric phantom inside a microwave chamber (Figure 9).

It was assumed that microwaves would be excited by a spike antenna located in the
upper-right corner of the chamber side wall that is closer to the reader. Figure 10
shows an example of the distribution of electric field amplitudes in the middle section
of the chamber and phantom, a two-layer cylinder whose dielectric permittivity of the
inner volume resembles the one of the muscle tissue and the outer layer is similar to
the human skin and fat tissue.

Figure 6.
Thermal field distribution in the phantom volume rewarmed in the microwave field of different frequencies (433
МНz, 915 МНz, 2.45 GHz), without forced air (a) and with forced air (b), tmax = 30 min.
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Figure 10a clearly demonstrates that electromagnetic field in the chamber pene-
trates the phantom volume but its amplitude rapidly decreases. High amplitude on the
right in Figure 10b is due to the placement of the radiator on this side of the chamber.

As noted, the VSWR, the ratio of reflection off the chamber with the phantom,
contributes to the effect. Figure 11 shows estimated VSWR dependence on the fre-
quency in the case of a single-layer (muscle tissue) and two-layer (muscle and skin/fat
tissues) phantom in the chamber. The skin and fat tissue plays the role of an
“aligning” layer and decreases the VSWR value to some extent (Figure 11).

It is clear that around 2.45 GHz, the standing wave ratio for a two-layer cylinder is
approximately 2–2.5.

5. Physical modeling (dielectric phantoms)

Practically at the same time as we were trying to describe this process with math-
ematical models, attempts were being made to perform physical modeling of the

Figure 7.
Temperature distributions after 30-minute rewarming with (a) stationary and (b) forced air without the
microwave field and with fields of different frequencies.

Figure 8.
Temperature distributions in a multi-layered 2-cm thick phantom after 30-minute rewarming with (a) stationary
and (b) forced air with microwave fields of different frequencies.
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frostbite rewarming process in dielectric phantoms imitating a human limb. Initially,
it was a thin wall polymer cylinder filled with normal saline [29]. Afterwards, arm
[30, 31] and leg [32] phantoms were created (Figure 12).

Normal saline, ground pork meat, HEC gel [33] were used as a phantom filling
materials. Dielectric permittivity and conductivity of the last-named were selected to
be similar to ones of the muscle tissue.

To study the distribution of temperature in the phantom volume, an experimental
unit was set up, with the key components being a vertical microwave chamber
(Figure 13) and the mechanism above that controlled a dip temperature sensor.

The phantom under investigation was placed into the chamber vertically and
initial temperature distribution along the phantom’s central axis was measured with
the dip temperature sensor. Then the sensor was removed, the chamber (safety

Figure 9.
A rectangular conductive chamber and a partially inserted cylindrical dielectric phantom in the protective shield—
A mathematical model of a microwave chamber with a limb phantom.

Figure 10.
Distribution of the electric field in the plane corresponding to the chamber’s central section (a) along the 0X axis
and (b) along the central 0Z axis [29].
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sleeve) was closed, and microwave rewarming was initiated. Following a procedure of
microwave rewarming, the sleeve was opened and the dip sensor measured tempera-
ture distribution along the phantom axis again. Figure 14 shows measurement results

Figure 11.
The frequency dependence of the voltage standing wave ratio, the dotted line corresponds to a single-layer phantom,
the solid line to a two-layer phantom [29].

Figure 12.
Phantom shells used in the experiments.
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for temperature distribution in the volume of a cylindric phantom (Figure 12a) filled
with ground pork meat. For this filler, the measured real part of dielectric permittivity
was 50, imaginary part–16.9, being close to the parameters of blood-filled human
muscle tissue [18].

Importantly, the distribution observed showed no considerable non-uniformities
of the temperature such as “standing wave” along the central longitudinal axis and
along the phantom layer near the wall. The initial non-uniform temperature

Figure 13.
The experimental unit to measure longitudinal temperature distributions in the volume of dielectric phantoms (a)
and LT-300 dip temperature sensor (b) [30].

Figure 14.
Temperature distribution along the longitudinal axis of the phantom warmed up in the microwave chamber: 1 –
Without microwave rewarming in the phantom center; 2,3,4 – In the phantom center after 6-minute microwave
rewarming; 5 – Along the phantom wall after 6-minute microwave rewarming.
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distribution along the longitudinal axis (curve 1) due to non-uniform cooling of the
phantom was smoothened out as the rewarming progressed. A considerable rise in the
temperature was observed on the right in the zone immediately near the radiator
(located in the plane that corresponds to 55 cm, according to the scale in Figure 10).
Rapid warming observed on the left side of the figure corresponding to the open upper
part of the phantom is due to the rapid thermal exchange of the filler with air.

From Figure 14, it is clear that after 6-minute rewarming at the generator’s power
of about 40 W, the temperature rise in the volume is approximately 2°C. More rapid
rewarming of the filler along the phantom wall matches model expectations shown in
Figure 6.

To reduce the intensity of the electromagnetic field near the chamber’s side wall
where fingers/toes are located, it was proposed to use a linear antenna a little shifted
to the input aperture [30]. Figure 15 shows a sequential process of rewarming a
cylindrical phantom for such radiator location. The initial non-uniformity of the
temperature along the axis of the cooled phantom is also substantial but it is smoothed
out as it is warmed up. The temperature in the right zone where toes/fingers will be
located does not rise as rapidly.

In Figure 16, measurement results are given for temperature distribution in the
volume of a leg phantom (along the longitudinal axis up to the heel, excluding the foot
and toes). Figure 17 shows temperature distribution along an arm phantom, excluding
fingers.

Both figures demonstrate a considerably steeper increase in the temperature in the
areas of phantom narrowing (around the ankle and wrist).

The change in the temperature distribution in fingers/toes was investigated using a
papier-mâché phantom (Figure 12c), This phantom was also filled with ground pork
meat. The phantom was first cooled, with temperature distribution measurements
performed at all test points (Figure 18), followed by three rewarming procedures,
each 6 minutes long, with generator power 40 W. Temperature measurements were
performed in the phantom volume with a temperature sensor LT-300 through open-
ings in each of the marked points. Thermal field distribution was evaluated both in the
upper arm and the hand, palm (dorsal side) and fingers (Figure 19).

Figure 15.
Temperature distribution in the volume of a cylindrical phantom in a chamber with a linear radiator: 1 – Before
microwave rewarming, 2–4 – After 3 rewarming sessions, each 6 minutes long, 40 W.
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First, notably, due to a smaller volume, more uniform initial cooling was achieved.
The initial temperature rise in the finger area in the absence of electromagnetic field
rewarming is elaborated in Part 1 of the paper as caused by thermal exchange with the
environment at room temperature.

Under microwave exposure, we observe more rapid rewarming of the narrowing
forearm zone (points 20, 19, 18), which was well consistent with the calculation
results for the model presented above in Part 2. The temperature then rises in the
critical palm zone (points 17, 16) and proximal and middle finger phalanges (points 3,
2, 6, 5, 9, 8, 12, 11, 15, 14) and decreases in distal phalanges (points 1, 4, 7, 10, 13). The
decrease is caused by two factors: smaller electromagnetic intensity in this chamber
area due to the location of the radiator more closely to the opening (see Figure 15 for
distribution in the cylindric phantom) and more rapid thermal exchange between the
fingers and air, as noted above.

6. Some findings of experiments with volunteers

Approval of the Tomsk State University Committee of Bioethics was obtained to
involve informed volunteers in this study, considering widespread, years long practice

Figure 16.
Temperature measurement results along the gastrocnemius muscle along the longitudinal axis of the leg phantom:
1 – Before microwave rewarming, 2–5 – After 4 rewarming sessions, each 6 minutes long, 40 W.
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of microwave applications in physical therapy and hyperthermia and positive effects
of frostbite microwave treatment of animal limbs [15] and demonstration of the
method in phantoms. The volunteers invited to participate in the study were emer-
gency patients admitted to Tomsk Medical Sanitary Unit No. 2 and Tomsk Municipal
Hospital No. 3.

The treatment technique included thermal insulation of the cold-injured area prior
to microwave rewarming, followed by 1–3 30-minute rewarming procedures in the
microwave chamber. For this purpose, a generating unit of a SMVI-200 medical

Figure 17.
Temperature measurement results in the volume of the arm phantom: 1 – Before microwave rewarming, 2–5 –
After 4 rewarming sessions, each 6 minutes long, 40 W.

Figure 18.
A view of the arm phantom with indicated temperature measurement points.
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physiotherapeutic device was used with generator power of 30–60 W. Routine drug
treatment for such injuries was administered.

In 2019–2022, a total of 14 patients underwent treatment with this technique
[34, 35]. For the majority of patients, the technique indeed helped prevent amputation
altogether or considerably lessen the scale of it. The compelling demonstration of the
technique’s efficacy is the case of a patient [35] who, after being outside in the cold for
many hours, was indicated to have both hands (Figure 20a) and both feet
(Figure 20b) amputated.

Following the microwave treatment, the patient was discharged only with the toe
distal phalanges amputated (Figure 21).

7. Conclusion

As a result of mathematical modeling of the microwave rewarming in a chamber
and experiments in dielectric phantoms, appropriate modes were identified to ensure
safe and effective deep rewarming of a frostbitten limb. The efficacy of the technique
was demonstrated in informed volunteers. The treatment consisted in the microwave

Figure 19.
Temperature distribution throughout an arm phantom: Pinky finger (a), ring finger (b), middle finger (c), index
finger (d), thumb (e), forearm (points 21, 20, 19), wrist (point 18) and palm (points 17, 16) (f).
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frequency of 2.45 GHz permitted for medical use and power that is less than the one
used in physiotherapy procedures. The most efficient procedure was the combination
of microwave rewarming and a surgical procedure (fasciotomy, onychectomy), as
well as haemorheologic drugs and vasodilators. It is of outmost importance to use this
approach in the early reactive period and have no skin rewarming of the affected limb
at all prior to microwave rewarming. It is also recommended to perform thermal
insulation limb before microwave rewarming.

Clearly, both the chamber and the microwave generator should be optimized,
which requires solution of a number of other electrodynamic, thermophysical, and
engineering problems. However, the available results already demonstrate a novel,
useful, and noteworthy application of microwave radiation in medicine.
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Figure 20.
Cold-injured limbs: (a) hands and fingers, (b) feet and toes [35].

Figure 21.
Outcomes of microwave rewarming treatment: Amputation scale is minimized, both hands and feet are salvaged,
only toe distal phalanges are amputated [35].
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Chapter 3

Repeatability Assessment of the
Wavelia#2 Microwave Breast
Imaging Scan: Experimental
Performance Analysis Prior to
Clinical Investigation
Angie Fasoula, Petros Arvanitis and Luc Duchesne

Abstract

Microwave imaging is an emerging imaging modality with the potential to support
the diagnosis of breast cancer. Over the last two decades, a notable number of Micro-
Wave Breast Imaging (MWBI) prototype devices have been developed and experi-
mentally tested in Europe, North America and Asia. A small number of prototypes are
currently in large-scale clinical investigations towards the demonstration of clinical
efficacy, as well as identification of the clinical cases for which MWBI could bring
added value over the existing breast imaging modalities. In this chapter, the method-
ology employed for quantitative assessment of the Wavelia#2 MWBI system reliabil-
ity based on experimental data is presented. The analysis includes an assembly of the
most representative findings from the series of the MWBI experimental tests
performed on breast phantoms after installation of the Wavelia#2 investigational
device at Galway University Hospital (GUH) – Symptomatic Breast Unit for a Phase-II
Pilot clinical investigation. To the authors’ knowledge, the notion of MWBI scan and
reconstructed image repeatability assessment has never been addressed before in the
MWBI state-of-the-art.

Keywords: microwave imaging, breast cancer diagnosis, radar detection theory,
anthropomorphic breast phantoms, scan repeatability, image similarity

1. Introduction

MicroWave Breast Imaging (MWBI) is an emerging imaging modality with
potential to support the diagnosis of breast cancer [1–3]. Microwave imaging uses the
scattered wave, or reflected wave, that arises from the contrast in dielectric properties
between the various breast tissues, in the microwave frequency range. The increased
volume of water within the denser breast tissues is responsible for the detectable
electromagnetic scattering associated with microwave imaging. The increase of
sodium and water, particularly in-bound water within the tumour cells, is expected to
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lead to even greater conductivity and permittivity of the tumourous tissues [4, 5]. Due
to the dielectric contrast, back-scattered radar signals are physically generated, when
the breast is illuminated with electromagnetic waves in the microwave frequency
range.

During the last two decades, MWBI has been extensively investigated as a novel
modality for the detection of breast disease, offering a non-ionizing, non-compressive
approach [6] and as a potential diagnostic management strategy in the monitoring of
neoadjuvant chemotherapy [7]. The non-invasive and non-ionizing characteristics of
microwaves are associated with the important advantage of allowing for frequent
scans of the breast using microwave imaging, unlike mammography [8]. In addition to
safety, microwave imaging has further potential advantages, as it does not require
uncomfortable breast compression [9].

Numerous research groups have developed and optimized hardware prototypes for
microwave breast imaging, however, most of these prototypes remained in pre-
clinical stage [10, 11]. While each of these devices has a distinct approach to generat-
ing images of the breast, the underlying microwave technology and the device char-
acteristics are similar. Based on recent reviews [12–14], a total of no more than 10
MWBI system prototypes have been employed in human subject tests, to investigate
the clinical utility of the MWBI technology. Those trials differ significantly in their
scale, ranging from few volunteers to hundreds of patients. While most of the studies
have been too small to determine clinical efficacy, larger-scale trials have been
conducted with three state-of-the-art MWBI system prototypes: MARIA [15],
Mammowave [16–18] and SAFE [19–21]. It should be noted that there is a fourth
MWBI system with a remarkable history of testing on hundreds of breast cancer
patients; it is the MWBI system developed at Dartmouth College, USA [7, 22], to our
knowledge though, there have been no recent publications reporting clinical trial
results with this system.

Despite favourable clinical results being reported, several recurrent limitations
remain unresolved across even the most recently published clinical studies with
MWBI, likely hindering the migration of this modality to the clinical setting. These are
detailed in Table 1.

Shortcomings of State-of-the-art Microwave Breast Imaging

A non-negligible false positive rate.

The challenges of managing a wide range of breast sizes with the same MWBI system.

The automated and repeatable/consistent detection of breast pathologies of various types in breasts of
various levels of density.

Factor analysis (breast density, breast size, age, cancer type and stage) in the absence of consistent
datasets from large-scale MWBI clinical trials.

The identification of clinical cases where the addition of MWBI would demonstrate to be a useful clinical
adjunct to detect or characterize breast pathology.

The detectability of small, non-palpable, breast pathologies.

The achievable accuracy of lesion localization in the breast has not been quantified with MWBI by any
group.

The standardization of the patient positioning and scan process.

Table 1.
Microwave breast imaging: Shortcomings of the state-of-the-art.
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In addition, despite the extensive efforts to harness the potential of the MWBI
modality, spanning over 40 years when considering all the preliminary experimental
pre-clinical developments of the various groups, a pertinent clinical application for
this modality has yet to be identified.

The above-reported aspects justify further clinical research with alternative MWBI
systems, such as Wavelia™ [23, 24]. In the First-in-Human (FiH) clinical study
(NCT03475992), which has been conducted in a small cohort of 24 patients,
the Wavelia#1 prototype system demonstrated the potential to detect and discriminate
between palpable benign and malignant breast lumps, while the imaging procedure had
no safety issues and patients reported a favourable experience of the test. The promising
findings from this study, which provided initial data to support a valid clinical association
for the Wavelia™ breast imaging technology, have warranted the preparation of further
clinical investigations with an upgraded prototype version of the Wavelia™ system
(Wavelia#2). The clinical data that will be further collected withWavelia#2 is intended to
build upon the outcomes of the FiH study ofWavelia#1 in larger andmore diverse patient
populations, as well as further address the current limitations of the state-of-the-art
MWBI technology applied to clinical trials by now, as reported in Table 1. In this chapter,
an evaluation of theWavelia#2MWBI system performance based on realistically complex
experimental anthropomorphic breast phantoms is presented.

Even though several breast phantom studies, performed in a purely experimental
setup within engineering laboratories, have been published so far [25–27], no system-
atic experimental evaluation performed on a MWBI prototype after installation for
testing in the clinical setting, has ever been published before, to our knowledge.
Among the three above-referenced MWBI prototypes, which have been employed in
large-scale clinical investigations in the recent years, an experimental evaluation study
has been very recently published only for the Mammowave system [28]. In this study, a
simplistic phantom structure and experimental setup have been implemented though. A
cylindrical plastic container filled with a low-permittivity liquid was used to mimic the
adipose tissue of the breast. A glass tube, filled with a very high-permittivity liquid, was
inserted in the plastic cylinder to mimic a tumourous inclusion. The whole structure was
held in the prototype using a cylindrical holder, which is different from the cup that is
used to hold the real breast in the clinical setting.

To our knowledge, realistically anthropomorphic, MRI-derived, 3D-printed
breast phantoms [29], heterogeneously filled with adipose and fibro-glandular tissue-
mimicking liquids as per [30] and including malignant and benign solid tumour
phantoms with breast tumour-like irregular shapes as per [25, 31] and a realistic
permittivity profile, have only been employed for the Wavelia™ system [32] so far. A
series of achieved tumour detectability and imaging results on tests performed in
Galway University Hospital after installation of the Wavelia#1 prototype for its FiH
study were earlier published in [33].

The methodology and metrics employed for the evaluation of the Wavelia#2
MWBI system reliability are presented in the sequel of this chapter. The demonstra-
tion includes an assembly of some of the most representative findings from the series
of imaging tests that were performed in a systematic manner, on the same complex
anthropomorphic breast phantoms as earlier developed for Wavelia#1 [32], after
installation of the Wavelia#2 investigational device at Galway University Hospital
(GUH) – Symptomatic Breast Unit for a clinical investigation. To this end, the
achievable level of repeatability of the Wavelia#2 scan and reported imaging findings
is a key element and has thus been prioritized in the experimental evaluation of the
system, towards acceptance at the clinical investigation site.
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To the authors’ knowledge, this is the first time that the notion of MWBI scan
repeatability/reliability is ever being conceived and quantitatively assessed. A quite
extensive review on the qualitative and quantitative assessment methods earlier
employed on MWBI system prototypes has been recently published by Porter et al.
[34] and confirms the previous statement.

2. Wavelia™ microwave breast imaging

2.1 The principles

The Wavelia#2 MWBI system operates using an array of 21 wideband probes in a
horizontal circular configuration. The probes are located outside of a cylindrical con-
tainer that hosts a creamy liquid, serving as a transition medium between the scanner
and the breast. The liquid has dielectric properties akin to the ones of the human skin,
such that it favours the penetration of the Electro-Magnetic (EM) waves in the breast.
With the patient lying in a prone position, one breast is submerged at a time into the
cylinder, which is filled with the liquid. The probe array is piloted to perform a
vertical motion, such that the full vertical extent of the breast is included in a cylin-
drical scan of the imaging scene. At each 2 mm vertical scan position, each antenna
illuminates individually the breast using EM waves in the frequency range [0.8–4]
GHz, while the remaining antennas receive the electromagnetic scattering at various
angles around the circle in a multi-static radar imaging system configuration. This
data is used to form a 3D image of the dielectrically contrasted interior breast tissues.

As earlier introduced in [33, 35], due to the lossy profile of both the breast tissues
and the employed transition medium, but also due to the distinct physical meaning of
the forward and backward scattering mechanisms, sectorization of the imaging scene
is performed in Wavelia™, to more efficiently illuminate and reconstruct the imaging
scene. A subset of 8 out of the 21 probes of the Wavelia#2 system is used each time to
numerically form a sub-array, the full multi-static data matrix of which is used to
form a partial image of the breast per azimuthal sector of illumination. The process is
repeated 21 times; at each repetition, the centre of the sub-array is numerically moved
to the next, adjacent, probe. This way, a total of 21 partially overlapping sub-images of
the breast are formed and subsequently stitched to reconstruct a coronal slice of the
pendulous breast, at each vertical position of the probe array.

Wavelia™ employs the Time-Reversal MUltiple SIgnal Classification (TR-MUSIC)
algorithm [36] to form the aforementioned partial images (“sub-images”) of the
breast. For the formation of a single TR-MUSIC sub-image of the breast at each sector
and each frequency, the noise eigenvectors of the Time-Reversal Operator (TRO) are
projected on the illumination vector of the sectorized probe sub-array. The scalar
electric field approximation is employed, considering the co-polar component of the
electric field, as radiated by the antennas of the system, to be dominant. The Hankel
function of 1st kind and 0th order is then used as a basic propagation model to define
each element of the illumination vector on each pixel of the imaging scene that lies
within the transmitting (Tx) sensor fidelity zone, as introduced in [37].

The breast tissues are associated with high levels of power loss of the propagating
electromagnetic waves, in the microwave frequency range. This is why, prior to radar
imaging of the interior of the breast, pre-processing of the backscattered signals is
required, to remove artefacts and unwanted interference signals, and enhance the
useful radar echoes of weak-power level, originating from the interior of the breast.
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The strong received signals mainly consist of direct coupling between the antennas,
skin reflections, and antenna reverberation.

The speed of propagation of electromagnetic waves through the breast tissues is
determined by the dielectric properties (permittivity) of these tissues. In turn, the
wave speed determines the time delay for reception of the waves, which were
scattered by the tissues. The time delay (or phase shift of the EM waves) is mapped to
a physical distance between the transmitting/receiving antennas and the scatterer.
The distance information drives the image formation, i.e. spatial mapping of any
scattered radar echoes in the patient’s breast. A large variability exists in the dielectric
properties of each breast tissue type, over the population, as demonstrated by multiple
studies involving ex-vivo dielectric measurements of a large sample of excised breast
tissues [38, 39]. Considering the lack of a priori information on the dielectric consis-
tency of each patient’s breast (full dielectric map of the breast), data-driven tech-
niques are employed in Wavelia™ to deduce the speed of the EM waves for MWBI
imaging (a parameter called pc_fib is employed for image formation, as introduced in
[23, 35]).

2.2 The second generation prototype

The second generation prototype of the Wavelia™ MWBI system (Wavelia#2),
depicted in Figure 1, is a significantly upgraded version of the first generation proto-
type (Wavelia#1), in terms of enhanced measurement stability, better control on the
patient positioning, potential to reliably scan larger volumes of breasts and an
improved ergonomic design.

The technical upgrade of the Wavelia™ prototype has been designed based on the
experience gained from the FiH clinical investigation. It is intended to ensure
enhanced performance, mainly in terms of better repeatability of the MWBI scan, and
thus a higher confidence level for the information content of the reconstructed breast
images and their diagnostic value. Enhanced sensitivity to weaker signals, to ulti-
mately support detection of smaller lesions and a better accuracy of the lesion locali-
zation is also targeted with the Wavelia™ technical upgrades.

The following are the main adaptations which have been implemented in the
transition from the Wavelia#1 to the Wavelia#2 prototype:

Figure 1.
The Wavelia#2 microwave breast imaging prototype.
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I.Adjustment in the size of the container of the scanner to facilitate better scan
quality for larger breasts. To be noted though that breast volumes larger
than >1000 mL have been scanned with Wavelia#1 during the FiH study
already. An upper size limit of �500 ml has been earlier reported for the
MARIA M5 prototype [15]. No information on the breast size limits of the
subsequent prototypes of MARIA (M6 and M7), nor of the Mammowave and
the SAFE systems, have been more recently published. The range of breast
volumes and thus the portion of the women population for whom MWBI is
appropriate with each implementation of the technology remains yet open to be
specified.

II.Design and integration of smaller antennas to improve imaging of the posterior
part of the breast, i.e., reduce the distance between the uppermost scanning
position and the examination table.

III.Use of upgraded Radio-Frequency (RF) components, cabling, and mechanical
support of the probe array.

IV.Chemical stabilization of the transition liquid, as well as automation of its
injection and suction from the cylindrical container of the scanner.

V.Better control on the environmental conditions, in the examination room and
within the scanner itself, during the breast scan.

VI.Better control of the breast positioning in the scanner.

Wavelia#2 is currently being tested in a Phase-II pilot clinical investigation, at
Galway University Hospital, Ireland, targeting to include approximately 70 patients.
(NCT05757427).

2.3 The Wavelia™ breast imaging methodology revisited

The principles of the multi-static radar imaging methodology that is employed
for the generation of the Wavelia#2 MWBI images are the same as earlier
conceived for Wavelia#1 [35, 40], yet adapted to the Wavelia#2 geometry (i.e. an
increase of the internal radius of the system by 11 mm, combined with an increase
of the number of probes from 18 to 21). The Wavelia#2 data processing flow is
revisited in Figure 2. The blocks in which methodological evolutions have been
recently integrated for Wavelia#2, are highlighted in the block diagram and
discussed in the sequel of this section. Only the MWBI image formation part of
the Wavelia™ breast imaging methodology and not the image post-processing
for automated Region-Of-Interest (ROI) detection [40], is part of the
experimental analysis on the breast phantom MWBI scans, presented in the following
sections.

As highlighted in Figure 2, the key evolutions that have been performed as part of
the adaptation of the data processing flow for Wavelia#2 are the following:
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I.The normalization of the amplitude pattern of each Tx/Rx channel with respect to a
reference channel, thus eliminating the impact of the evolution of the conducted
RF paths over the frequency band.

II.The estimation of the antenna coupling as the first principal component, while
performing Principal Component Analysis (PCA), per imaging sector. In
Wavelia#1, PCA was performed on data from the full probe array having a fixed
distance between Transmitter and Receiver (Tx/Rx separation) [35].

III.The employment of the Empirical Model Decomposition (EMD) method [41] to
define the signal components to be further filtered or retained based on distance
and/or amplitude pattern criteria.

IV. The integration of the notion of the sensor fidelity zone [37] in the TR-MUSIC imaging
algorithm implementation [35, 36] for the Wavelia#2 prototype. The sensor
fidelity zone is specified as a binary indicator of the pixels in the imaging scene,
which are compliant with two constraints: (i) the propagation loss on the pixel
does not exceed a certain Maximum Attenuation Level (MAL), (ii) the co-polar
component of the radiated electric field dominates the other two field
components at least by a ratio Minimum Polarization Ratio (MPR), such that the
scalar field approximation can be considered relevant for the TR-MUSIC
algorithm. The sensor fidelity zone has been re-defined for Wavelia#2 based on
simulations of the radiated EM field in the CST simulation environment.

In addition to the aforementioned methodological evolutions, robustification,
numerical stabilization, as well as significant acceleration of the computation have
been achieved as part of the adaptation of the MWBI imaging algorithm to the
Wavelia#2 prototype. This upgraded implementation is a step ahead towards stan-
dardization of the Wavelia™ breast images and more efficient processing of the data
during the ongoing clinical investigation, as compared to the FiH study.

Figure 2.
Wavelia#2 data processing flow: Blocks evolved since Wavelia#1 are highlighted.
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3. The experimental validation campaign

The anthropomorphic breast phantoms that have been used for the experimental
testing and validation of the Wavelia#2 prototype are the same as the ones earlier
developed for Wavelia#1 and presented in detail in [32, 33]. Despite the limitations
and complexities introduced to the repeatability analysis by the hybrid (liquid/solid)
consistency of these phantoms, to our knowledge, these phantoms represent the
current state-of-the-art for experimental Microwave Breast Imaging.

The Wavelia#2 MWBI scan repeatability analysis has been structured as follows:

I.Employ two breast phantoms, Breast#1 and Breast#2, of distinct size and interior
tissue heterogeneity pattern: evaluate the imaging system performance in cases of
significantly different distances between the skin and the probes, which is a
critical factor for the calibration of the mutual coupling between probes, before
the scan data can be exploitable by the imaging algorithm. The two breast
phantoms are depicted in Figures 3 and 4.

II.Employ azimuthal rotation of each phantom placement in the scanner and repeat the
measurement: identify potential asymmetries of the MWBI scanner. Two
azimuthal rotational positions of 0° and 180°, of both phantoms, have been
systematically employed in the tests. In addition, all phantom configurations
were rotated by 90° and 270° in a series of 16 MWBI scans, performed on a
single day of the test campaign, to provide more experimental data on any
potential asymmetries of the system.

III.Evaluation using three tumour phantoms: use of a macro-lobulated tumour phantom
(Tumour#4) and two tumour phantoms of the same micro-lobulated shape
model, however one tumour phantom being new and used for the first time in this
test campaign (Tumour#3), while the other tumour phantom (Tumour#1) being
used in numerous experimental tests before, resulting in progressive degradation
of its shape sharpness and potentially its dielectric properties. It is reminded that
the tumour phantoms are immersed in a chemically aggressive liquid mixture
mimicking the fibro-glandular tissue of the Wavelia™ breast phantoms [32]. The
immersion of the tumour in this liquid is performed each time manually using a
thin string to hold it in position (additional source of variability). Photos of the
three tumour phantoms, taken on the first day of the use of each, as part of the
hereby reported test campaign, are shown in Figure 3.

IV.Repetition of each MWBI scan twice, while the breast phantom remains idle at the
exact same position: the comparison of the achieved imaging results in each set of
two tests is intended to demonstrate the expected level of reproducibility of the
MWBI scan, for various experimental setups. The main sources of variability
being evaluated here, necessarily as an aggregate, for the Wavelia#2 MWBI
imaging system are the following:

a. the noise level in the RF measurement itself;

b. the imperfect mechanical stability of the scanner;

c. the uncertainty introduced by the imaging algorithm on its own, i.e.
residual numerical instabilities and/or estimation uncertainties.
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A sequence of 40 experimental setups defined in total the on-site testing and
validation campaign of theWavelia#2 prototype at the GUH clinical investigation site.
This resulted in a total number of 80 MWBI scans, given that every experimental

Figure 3.
(a) The Wavelia#2 examination table—schematic top view and imaging coordinate system, (b) the Tumour#1,
(c) the Tumour#3, (d) the Tumour#4, (e) the Breast#2, and (f) the Breast#1 phantom.

Figure 4.
The breast phantoms, with tumourous inclusion, in the Wavelia#2 imaging coordinate system: (a) Breast#2,
(b) Breast#1 at the 0° rotational position.

53

Repeatability Assessment of the Wavelia#2 Microwave Breast Imaging Scan: Experimental…
DOI: http://dx.doi.org/10.5772/intechopen.1002506



setup was measured twice, without touching the breast phantom, and with main
objective the ultimate evaluation of the repeatability of the imaging result, in various
experimental conditions. The 80-MWBI scan dataset was collected during a period of
5 consecutive days (30 January – 3 February, 2023) and also on a single day approxi-
mately 1 month earlier (22 December 2022).

Each breast phantom was partially scanned in a 44 mm vertical extent around the
theoretical centroid of the tumourous inclusion, at each repetition. This adds-up to 23
vertical scan positions, with a moving step of 2 mm of the probe array. That is the scan
data contributing to the reconstructed breast images being part of the analysis.

4. Representative subset of imaging results for Wavelia#2 scan
repeatability assessment

Imaging results for a representative subset of 34 MWBI scans are presented in
Figures 5–11. The presented images are the ones that have also been included in the
quantitative assessment of the imaging system repeatability, which is presented in the
following section.

According to the methodology in [37], breast images were systematically generated
for a set of four combinations for the (MAL, MPR) set of parameters defining the
sensor fidelity zone, i.e. MAL = [�40–35] dB and MPR = [5 10] dB. Averaging of the
images that have been generated for the multiple sensor fidelity zone settings was
further performed, to cancel out ambiguities. The averaged images are presented in
Figures 5–11 and considered by default in the quantitative assessment of repeatability.

Systematic generation of the breast images for a pre-defined set of narrow and
wide search ranges for the pc_fib parameter was performed, in accordance with the
methodology defined in [40], towards lesion detectability assessment based on per-
sistence. Imaging results for a fixed pc_fib search range, the best-fitting to the tumour
location in each given experimental setup, i.e.

• Breast#2 phantom results – pc_fib search range = [50–70]%

• Breast#1 phantom results – pc_fib search range = [20–50]%

are presented in the following. It has been verified though and confirmed that all
the presented imaging results are persistent in varying pc_fib search range and would
clearly declare detectability of the visible, tumour phantom-associated, ROI.

The date on which each MWBI scan was performed is indicated in the 1st column
of each set of tabulated imaging results in Figures 5–11. The imaging results of two
scan repetitions of each experimental setup appear in the 2nd column, between which
the phantom and tumour have not been moved. The experimental setup is indicated
below for each couple of repeated MWBI scan results. The dynamic range of the image
intensity is indicated on the colour bar at the upper part of each image. The partial
transparency profile of the MWBI image colour map remains fixed in all illustrations.
The contour of the mould containing the fibro-glandular tissue-mimicking liquid and
the tumour phantom structure (centered at (X,Y,Z) = (20,0,77) mm in the case of the
Breast#2, Rotation 180° setup in Figure 5 and visible in purple colour) are overlaid
with the MWBI images as reference.

A qualitative assessment of the results presented in Figure 5 indicates very good
levels of repeatability of the images reported by the Wavelia#2 prototype when the
experimental setup remains idle (i.e. comparison of the two images per row).
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For the scans performed on the same day, using two different tumour models, the
main source of variability is associated with the replacement and repositioning of the
tumour phantom, which is performed manually using a flexible string. The following
phenomena may occur during the tumour replacement, in an uncontrolled manner:
(a) rotation of the tumour during/after insertion in the phantom, (b) tendency of the
tumour phantom to adhere to the interior wall of the fibro-glandular tissue-mimicking
mould, (c) varying immersion depth of the tumour in the breast. The breast phantom
is not repositioned between two tumour exchanges on the same day.

For the scans performed on different days, aside from the aforementioned,
tumour-related sources of variability, the principal source of variability is associated

Figure 5.
Breast#2, rotation 180°: Sequence of MWBI scan results. 14 scans performed on four different days.
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with the potential non-optimal immersion of the phantom itself in the transition
liquid of the scanner, resulting in the presence of air bubbles or other local inhomo-
geneities on the coverage of the skin phantom with transition liquid.

In Figure 6, the reconstruction of the full imaging scene within the cylindrical
container (not only the image within the breast) is depicted for the four MWBI scans
that were performed on the 30th January and the four scans of the 3rd of February
with the Breast#2 phantom at Rotation 180°. The first two scans of each day
(Figure 6a, b, e and f) were performed using Tumour#3, while the latter (Figure 6c,
d, g and h) using Tumour#4.

The out-of-the-breast portion of the presented images in Figure 6 provides a clear
explanation for the visibly decreased Signal-to-Clutter Ratio (SCR) [34] on the breast
phantom images of the 3rd of February (particularly the ones including the Tumour#4
phantom), when compared to the images of the 30th of January. A strong artefact radar
echo appears systematically in the liquid, mostly dominant in the vicinity of the interface
with the breast skin on all the four images of the 3rd of February. This is expected to be
related with sub-optimal phantom placement and/or liquid consistency after mechanical
injection in the scanner. The level of repeatability of the reconstructed images, both
within and out-of-the breast, is remarkable, in the below 8 MWBI scans demonstration.

In Figures 7–9, indicative imaging results for repeatability assessment are
presented at three distinct rotational positions of the Breast#2 phantom: 0°, 270° and
90° respectively. In Figures 10–11, a subset of indicative imaging results is presented
for two rotational positions (270° and 90°) of the Breast#1 phantom.

The clarity/focusing of the image, as well as the SCR and the tumour localization
accuracy, may vary from one setup to the other. This is not a surprise and can be
acceptable, given the numerous sources of experimental variability. In addition, the
breast phantoms are very heterogeneous, and the weak echo of the tumour phantom
(low dielectric contrast against the surrounding fibro-glandular tissue) is highly sen-
sitive to slight changes in the geometry. The tested experimental setups are of unreal-
istically high complexity and much discretized, compared to the real human breast.

Figure 6.
Breast#2, rotation 180°: Full imaging scene reconstructions for the 4 MWBI scans of 2 days: (a)-(d) 30 January
(e)-(h) 3 February.
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Figure 7.
Breast#2, rotation 0°: Sequence of MWBI scan results for repeatability assessment.

Figure 8.
Breast#2, rotation 270°: Sequence of MWBI scan results for repeatability assessment.
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Figure 9.
Breast#2, rotation 90°: Sequence of MWBI scan results for repeatability assessment.

Figure 10.
Breast#1, rotation 270°: Sequence of MWBI scan results for repeatability assessment.
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5. Quantitative assessment of repeatability: methodology and results

Overall, it is important for the imaging system to demonstrate repeatability in its
results, so that it can be trusted with confidence to deliver similar results under slight
adjustments to patient position, temperature, operational process etc. during actual
patient scans. Thus, in this section, the repeatability is being quantitatively assessed
for the set of 34 MWBI scan imaging results that were qualitatively assessed in the
previous section. Quantitative assessment is achieved by measuring the similarity
between the final 3D-images obtained using the MWBI imaging software.

To measure the similarity, the sum of squared differences has been used as a metric
[42], which is defined in the following way:

Ssq ¼
X
n,m, l

Jn,m,l � In,m,l
� �2 (1)

whereN xM x L are the dimensions of the 3D images J and I. This has been divided
by the term:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
n,m,l

J2n,m,l �
X

n,m,l
I2n,m,l

q
(2)

to provide a more appropriate scale to the [0, 1] range. More sophisticated
similarity metrics can be derived using e.g. feature extractors. However, at this
stage of development, it was desired to use a simple metric which directly measures

Figure 11.
Breast#1, rotation 90°: Sequence of MWBI scan results for repeatability assessment.
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pixel-to-pixel difference. This way, we would have a more primitive, raw, estimation
of the similarity between repeated measurements, without having the benefit of
rotation- or scale-invariant features being used to measure similarity.

In Figure 12, the similarity matrix of Breast #2 with Rotation = 180° is shown, for the
14 images depicted in Figure 5 (averaging over multiple sensor fidelity zones applied).
Each element of the matrix corresponds to the similarity obtained using the sum-squared
difference metric between the final 3D-images of the two respective MWBI scans. This
similarity was computed from the volume inside the breast, i.e., not including the image
reconstruction in the transition liquid of the cylindrical container, out-of-the breast. The
following three similarity zones can be interestingly spotted in Figure 12.

• L0: this is the similarity level observed between consecutive MWBI scans
performed on the same day, without moving the breast phantom or the tumour
in-between the two scans (e.g. 3-Feb-T#3-R1 to 3-Feb-T#3-R2, where T# and R#
stand for Tumour # and Repetition #, respectively). L0 is meant to quantify the
expected level of variability that is introduced by the imaging system itself
(measurement variability + uncertainty of the imaging algorithm). L0 is
systematically associated with the smallest values of difference i.e., the best
similarity in Figure 12, as expected.

Figure 12.
In-breast similarity matrix for repeated measurements of breast #2 with rotation = 180°.
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• L1: This zone corresponds to scans performed on the same day but involving
replacement and repositioning of the tumour model in the breast phantom, for
instance 30-Jan-T#3-R1 to 30-Jan-T#4-R1. The values are generally higher, thus
the similarity level degraded, for the L1 zone, when compared to the L0-zone.

• L2: Measurements of the same experimental setup from different dates fall into
this category. These values are typically higher than those of L1 but can be close.

Furthermore, it is apparent from Figure 12, that the scans of the 22nd of Decem-
ber, and T#3-R2 in particular, which appears as an outlier, are substantially more
different, compared to the rest of the scans. To the contrary, the 30th of January
appears to be the date with the most stable measurements, with the L1-similarity
values approaching the respective L0-values.

In Figure 13, side views of the 3D images (XZ plane) are depicted for four MWBI
scans of the same experimental setup (Breast#2 phantom, Rotation 180°, Tumour#3)
performed on four distinct days. It is apparent that the reason for the decreased
similarity of the 22nd December scans versus the measurements that were performed
post the 30th of January is that the tumour response is detected at a slightly higher
position and with a visibly increased intensity on the 22nd of December. The latter
phenomenon could have to do with the sensitivity on the MWBI imaging software
part, but does not affect the final image’s quality, related to the tumour’s detection and
localization, in a negative way. The same observation holds when comparing the
images in Figure 14 as well, which involve the Tumour#1 or Tumour#4 (instead of
the Tumour#3) and otherwise the same configuration as for Figure 13. It is clearly
visible in Figures 5, 13 and 14 that the SCR level and the overall image quality is very
good for the 22-December scans, however the implementation of the experimental

Figure 13.
Effective vertical position of the tumour phantom: Scans with Breast#2, Rotation180° and Tumour#3 inclusion:
(a) 22-Dec-T#3-R2 (b) 30-Jan-T#3-R1 (c) 31-Jan-T#3-R1 (d) 03-Feb-T#3-R1.

Figure 14.
Effective vertical position of the tumour phantom: Scans with Breast#2, Rotation180° and Tumour#1 or
Tumour4 inclusion: (a) 22-Dec-T#1-R1 (b) 30-Jan-T#4-R1 (c) 03-Feb-T#4-R1.
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setup is slightly different when compared to the posterior scans of January and
February.

In addition, the increased L0 levels for the repetitions of the 22-December scans, as
indicated in Figure 12, suggest potentially not sufficient waiting time for stabilization/
immobilization of the tumour, after manual insertion in the breast phantom and
before starting the 1st scan. This experimental factor was learnt from numerous
preliminary tests with these breast phantoms and its handling got progressively opti-
mized towards the end of the test campaign, when a more systematic series of MWBI
scans was possible.

In Figure 15, the evolution of the L0-Similarity level over the full set of 34 MWBI
images being considered in this analysis and shown in Figures 5–11 is depicted. Four
curves are present in the figure, for either the full volume or only the volume inside
the breast and the average or a single sensor fidelity zone.

The following observations can be made about these curves:

• The full volumes follow the same tendency as the in-breast volumes and appear
to have slightly degraded similarity (higher values), barring the 22-Dec-B#2-
Rot180 outlier scans.

• Averaging the sensor fidelity zones does not have a significant effect on
similarity.

• Looking at the in-breast similarity curves, the L0-similarity is relatively stable
around the 0.04 mark, again except for the 22-Dec-B#2-Rot180 scans. This is an
important outcome of this analysis, concerning the stability and repeatability of
the Wavelia#2 MWBI scan and image reconstruction in the case of repetition of a
fixed experimental setup.

Figure 16 depicts the respective L1-Similarity curves. It can be observed that
multiple values correspond to the same date, breast and rotation, as the L1 similarity

Figure 15.
L0-similarity for different dates, breast phantoms, rotations and tumours.
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compares measurements from the same date and the same breast phantom, after
replacement and repositioning of the tumour phantom only. What can be inferred
from this figure is that:

• Again, the full volumes vs. in-breast volumes, as well as single vs. average fidelity
zones present the same trends as in L0.

• The values for the in-breast volume range from 0.04 (close to L0), up to 0.15.
Human error is a deciding contributing factor when replacing the tumour, which
can lead to similarity values 3 times as high as those of L0.

Concerning the L2-similarity levels, it can directly be observed in Figure 12 that
the L2-Similarity values can be close to L1 but are in general higher. Repeating the
scan of the same experimental setup on different dates (L2) requires complete
repositioning of the phantom, as well as tumour placement, which provides a margin
for even greater human error. In addition, the variation and potential impact of the
environmental conditions on which the MWBI scan is performed (i.e. temperature
within the room and the scanner, a distinct batch of transition liquid being injected in
the scanner, distinct operator preparing the setup/performing the scan) are part of the
L2 evaluation. The mean and standard deviation values for all similarity zones are
depicted in Table 2, for different configurations, as well as for the concatenated data
of all of them (Total).

According to the table, the expected tendency for progressive degradation of the
achieved level of repeatability when passing from L0 to L1 and L2 are indeed
followed, such that L0 < L1 < L2. The similarity levels are clearly degraded (higher
values of the metric defined in Eqs. (1) and (2)) when including the scans of the 22nd
December, Breast#2 phantom, Rotation 180° in the analysis, as earlier discussed and
experimentally justified. When these datasets are excluded from the analysis, it is

Figure 16.
L1-similarity for different date, breast phantoms and rotations.
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interesting to confirm that comparable levels of the L0 similarity (as depicted and
analysed in more detail in Figure 15), but also of the L2 similarity, are achievable on
both Breast#2 Rotation 180° and Breast#2 Rotation 0° experimental setups.

6. Conclusions

Imaging results for 34 MWBI scans, being part of the on-site evaluation for accep-
tance of the Wavelia#2 MWBI system at the GUH clinical investigation site for a
Phase-II Pilot#1 clinical investigation, have been presented. The experimental testing
and validation of Wavelia#2 was performed on highly heterogeneous and complex
breast phantoms, and in diverse experimental setups. Significant variability of each
experimental setup itself was inherent in the MWBI scans being part of this analysis.
All the experimental setups were systematically scanned twice, all along the test
campaign, without moving the breast phantom or tumour in-between the two con-
secutive MWBI scans. The main objective of this test campaign was to understand and
assess the sources of variability, in an attempt to isolate and quantify the impact of the
imaging system itself (measurement variability and imaging algorithm uncertainty)
on the repeatability of the MWBI imaging results.

The similarity between the images of repeated scans under different conditions of
repetition was quantitatively assessed using the sum-squared difference metric. It was
observed both qualitatively/visually and quantitatively that repeating a measurement
without changing anything in the experimental setup (L0 level) yields very similar
imaging results. A quite stable level of image similarity was demonstrated to be
achievable for the L0 level, on multiple tests with highly diverse experimental setups.
The inherent variability introduced by each distinct implementation of the experi-
ment was demonstrated to be mapped to L1 and L2 similarity levels higher than the L0
levels, however consistently reproduced on multiple days of testing and with diverse
experimental setups being employed. The reported results are promising, in terms of
the expected performance of the Wavelia#2 prototype in the ongoing clinical investi-
gation, the reliability of the reported images, as well as towards suitability of the
prototype for a repeatability study on patients.

Configuration L0 L1 L2

Mean Std Mean Std Mean Std

Breast#2 Rot 180° (excl. 22-Dec) 0.033 0.005 0.057 0.02 0.104 0.01

Breast#2 Rot 180° (incl. 22-Dec) 0.069 0.064 0.092 0.067 0.2 0.119

Breast#2 Rot 0° 0.034 0.006 — — 0.132 0.013

Total 0.061 0.058 0.092 0.067 0.196 0.117

Table 2.
In-breast volume mean and std. of different levels of similarity for different configurations.
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of Biomaterials: Fundamentals,
Techniques, and Experimentations
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Abstract

This chapter provides an overview of research on the dielectric properties of fresh
food and their applications in assessing food quality and freshness. Non-destructive
methods, including dielectric techniques such as dielectric spectroscopy (DS) and
bioelectrical impedance spectroscopy (BIS), have gained importance in assessing food
quality without damaging the products. The importance of external appearances, such
as color, size, brightness, and hardness, in determining the freshness of fruits and
vegetables is emphasized. Several dielectric techniques, such as impedance, capaci-
tance, and electrical conductivity measurements, are studied to assess quality at dis-
tinct stages of the supply chain. These techniques can detect defects, diseases, and
mechanical damage and facilitate storage quality control and processing quality eval-
uation. Accurate measurements and instrumentation advancements are crucial for
effectively implementing these techniques. The study of dielectric properties offers
promising prospects for evaluating food quality and ensuring freshness. Further
research and technological advances in this field can enhance the monitoring and
maintaining optimal conditions for fresh produce throughout the food supply chain,
reducing food waste and improving consumer satisfaction.

Keywords: dielectric properties, dielectrics, non-destructive, bioelectrical impedance
spectroscopy (BIS), characterization of biomaterials

1. Introduction

The rapid advancement of technology has broadened its field of application,
improving the daily lives of users and their food. Currently, research is being done on
systems that will enhance food production to meet the high demand, in addition to
studying its quality and improvements in transport conditions [1]. The current trend
is to achieve a healthy diet, to which seasonal fruit and vegetable products
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significantly contribute [2]. Fresh foods are essential in the human diet due to their
high nutrients, vitamins, minerals, and fiber content. The quality of these foods can be
evaluated in several ways, considering their external appearances, such as color, size,
brightness, smell, and hardness, or internal such as taste, texture, water content, and
nutritional content. The external appearance is considered an essential criterion to
consider some fruit as “fresh” and implies creating expectations about its internal
quality. Manufacturers seek a balance between the appearance and maturity of the
fruit in the highest qualities, such as color and hardness for consumption, in addition
to achieving maximum economic performance in its marketing, including freshness
and durability. In the commercialization phase, durability is essential for its
processing and commercialization until it arrives at homes in optimal conditions of
internal and external quality.

Before marketing, the transfer of fruits and vegetables must be controlled from the
orchard to the distribution warehouses and the shops for sale. Depending on the
product and the distance, the product must be moved in refrigerated chambers, where
temperature and humidity affect fruits and vegetables differently. If it is not moved at
the proper temperature, it causes cold damage, not arriving in the right conditions
optimal for shops. Therefore, cold damage is investigated, looking for combinations of
products with a wide temperature range to be transported with others of a more
demanding range but of more excellent economic value [1].

Horticultural engineering has evolved a lot, and higher quality products are
increasingly sought, but at the same time more resistant to transport, production, and
storage conditions. More research is being conducted on post-harvest treatment,
where innovative technologies make it possible to extend the useful life of the prod-
ucts so that they arrive in the best conditions at the consumers’ tables. Constant
product quality monitoring is essential at every stage of the supply chain, and it is
crucial to utilize portable tools in industrial and field environments [3].

The tendency to consume high-quality fresh products has motivated the producers
and marketers of these products to encourage the study of quality detection methods,
optical, acoustic, and mechanical systems have been developed to assess quality based
on sensory perceptions such as sight, smell, and touch [4]. Quality parameters such as
nutritional value, health, and safety are less tangible for consumers because they
require measurements. The results of these measurements are shown to consumers on
their labels and are a claim for the most demanding consumers or who seek high-
quality products in a healthy diet.

In the last decade, non-destructive methods are advancing evaluating food quality
since they can be assessed without destroying the examined product. Within non-
destructive methods, the main application is those based on images [5], thermal
imaging [6], and spectroscopy [7]. However, many systems are based on the simula-
tion of smell, such as the electronic nose or taste, the electronic tongue [8], and sound
as acoustic systems [9].

Among other methods of assessing quality, one can consider the measurement of
dielectric properties, which refer to the ability of materials to store and transmit
electrical energy in an electrical field [10]. The technique known as dielectric spec-
troscopy (DS) refers to the interaction between a material and an externally applied
electric field. In the case of fruits and vegetables, non-destructive methods such as
bioelectrical impedance spectroscopy (BIS) are utilized for quality control purposes
[11]. Measurement of dielectric properties offers helpful insights into the quality and
freshness of food at different stages of the food chain, as well as the presence of
defects or diseases [12], storage quality control, and processing quality evaluation
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[13]. The measurement of these properties can be done using different dielectric
techniques, such as DS (which measures the dielectric response of materials at varying
frequencies), electrical impedance (a method used to measure the electrical resistance
of materials), capacitance (a technique that measures the electrical energy storage
capacity of materials) and electrical conductivity (a technique that assesses the ability
of materials to conduct electrical current).

DS determines the dielectric properties utilizing a multifrequency impedance ana-
lyzer, which observes the electrical response when current passes through the tissue
for certain measurement conditions. The approach entails the assessment of the
dielectric constant and dielectric loss, which indicate the material’s ability to store and
discharge electrical energy. Electric permittivity encompasses the interaction between
electromagnetic waves and substances, as well as the determination of charge density
when subjected to an external electric field [14]. The first documentation of dielectric
properties for grains was reported by Nelson in 1965. Permittivity depends on the
dielectric constant and a loss factor [15], explained in the next section for varied
materials ranging from solids to liquids and gases.

At present, the dielectric characteristics of many foods are known, being one of the
factors that affect the measure of moisture content. Also, certain mineral substances
and organic acids have the potential to undergo dissociation, producing elevated
electrolytic conductivity in food.

This review presents an overview of the current research on fresh food’s dielectric
properties. It delves into the various dielectric techniques employed to measure these
properties and explores their applications in evaluating food quality and freshness.

2. Techniques

2.1 Theory

For decades, many industrial applications have succeeded in taking advantage of
the potential discovery of radio frequency to establish empirical correlations between
the physical properties in materials and the dielectric properties and develop tech-
niques for the rapid and non-destructive study of physical properties. Measurement,
modeling, and applications of the dielectric properties is a unique scientific journey in
dielectrics that reveals as many challenges as rewards [16].

By dielectric properties of materials are designated the electric characteristics
determining the interaction of materials with electric fields. In this concern, a partic-
ular approach defines the interaction of the electric field component of the electro-
magnetic waves when it comes to food materials, agricultural products, and other
dielectric materials.

Being dependent on the composition of material, frequency, and temperature, dielec-
tric properties have been opted as bases for developing sensors. These rapid and nonde-
structive methods can be valid for assessing the physical properties of materials [17].

In discussing the applications of dielectric properties, some simplified definitions
are helpful. Primarily, the propagation of electromagnetic energy in free space at the
velocity of light (c) is the fundamental characteristic of all forms of electromagnetic
energy. The electromagnetic parts of a material have a markable influence on the
speed of propagation (V) of electromagnetic energy in that material, and this velocity
(V) is given by Eq. (1), such as the magnetic permeability is given by μ and the electric
permittivity by ε.
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V ¼ 1ffiffiffiffiffiμεp (1)

The same equation defined in free space becomes as follows in Eq. (2), where μ0 is
the vacuum permeability y of free space, and ε0 is vacuum permittivity.

V ¼ 1ffiffiffiffiffiffiffiffiffiffiμ0ε0
p (2)

To interpret the molecular mechanism, the interaction of electromagnetic waves
with any material is studied by Maxwell’s equation [18]. The relative complex per-
mittivity (ε*) is represented in Eq. (3), where ε0 and ε″ are commonly called the
dielectric constant and loss factor, respectively, and j = √ � 1.

ɛ ∗ ¼ ɛ´ � jɛ´´ (3)

Relatively to free space, the relative complex permittivity ε ∗r
� �

will be presented as
follows in Eq. (4).

ε ∗r ¼ εa
ε0

¼ ε´r � jε´´r (4)

Where ε0 is 8854 � 10�12 F/m, and ε´r, and ε´´r are the relative dielectric constant
and loss factor respectively; hence, this latter the two quantities of interest that are the
real part of the complex permittivity ε referred to as the dielectric constant and the
complex part given by (ε referred to as loss factor).

As a material classified as “dielectric”, this reflects its ability to store energy under
the application of an external electric field. When subjected to an electric field, the
real part, ε0, describes the ability of a material to store energy and influences the
electric field distribution and the phase of waves traveling through the material; its
value is related to chemical structure and intermolecular interaction [19].

The amount of energy lost or dissipated by the material under an external electric
field or in any polarization mechanism generating heat is measured by the loss factor,
which is the imaginary part of the permittivity [20]. Nevertheless, this loss factor is
always proportional to the amount of conversion of thermal energy in food [21].

The loss factor is always positive and has smaller values than the dielectric con-
stants. The values of dielectric constants are usually higher than the loss factor that, is
commonly limited and positive and is returned to the energy dissipation such that a
material is lossless when this loss factor is null [22].

Relaxation time (τ) measures the mobility of the molecules (dipoles) in a material.
It is the time required for a displaced system aligned in an electric field to return to 1/e
of its random equilibrium value. It is also called the time needed for dipoles to become
oriented in an electric field.

The alternating electric field is slow enough for the dipoles to keep pace with the
field variations at frequencies below the relaxation frequency. Since the polarization
can fully develop, the loss factor, εr″, is directly proportional to the frequency. As the
frequency increases, εr″ continues to increase, but εr0 decreases due to the phase lag
between the dipole alignment and the electric field. Above the relaxation frequency,
both εr″ and εr´ decrease as the electric field is too fast to affect the dipole rotation,
causing the orientation polarization to disappear.
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Figure 1 shows the dielectric properties of distilled water at 25°C [23]. Many
liquids and solids have been experimented with through the various models of Debye.
Thermal agitation is the most significant in liquids where thermal agitation is maxi-
mal, thus producing more considerable losses at higher frequencies [24].

It is crucial to obtain the optimum frequency range at which the material under
test will have appropriate dielectric properties to develop a proper heating process
based on electromagnetic energy [25]. The interaction between the material and
high-frequency electromagnetic energy is crucial for defining the desired properties.
Consequently, it is essential to carefully select food and meals to facilitate MW
propagation [26–28].

2.2 Measurement systems

Building measurement systems rely on providing equipment for the
abovementioned properties. Through the past years, worldwide experiments have
witnessed a variety of technologies implemented for that purpose. The built systems
differ according to the material under test and the properties such as resonant fre-
quency and quality factor from another perspective. Knowing the physical dimensions
of the material and measuring the transmission and/or reflection can characterize the
permittivity and permeability. At low frequencies, impedance analyzers and LCR
were considerably used by simulating the material with an AC source and monitoring
the capacitance and dissipation factors [27]. The impedance data analysis starts with
two complex yet critical steps. The first stage involves investigating the physical
circuit and estimating the necessary equations. The mathematical methods are evalu-
ated at a second stage, allowing the model parameters to be extracted [29].

Depending on the material’s nature, the fixture’s choice was made so that the
sample holder would fit the solid, liquid, powder, or gaseous nature of the tested
material, along with appropriate software modeling the interaction of the fixture with
the said material. The impedance measurement method is commonly applied by

Figure 1.
The frequency-dependent dielectric characteristics of water.
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applying a current across electrodes and observing the voltage. Another widespread
practice for many applications is the self-balancing bridges developed by Agilent.
Such bridges under a higher voltage can give a better signal-to-noise ratio higher than
10–300 mV. Such applications are robust, simple, and more practical than the old
manual bridges. With advances in experiments comes the urge for more complex
systems to give accurate results and cover more material. This led to a fast improve-
ment in techniques. Moreover, high microwave frequencies applied during experi-
ments were to produce radiation loss, especially considering the expensive design of a
microwave network analyzer. Throughout the past decades, a variety of equipment
has been accessible in the market for impedance measurements. However, network
analyzers emerged as the most widely employed option due to their capacity to handle
large electrode systems and cover a wide frequency range. Notably, vector network
analyzers like PNS, PNA-L, ENA, and ENA-L are capable of sweeping high-frequency
stimulus responses, ranging from 300 kHz to 110 GHz or even 324 GHz. Impedance
and scalar network analyzers [30] are known for their cost-effectiveness compared to
Vector Network Analyzers (VNAs). However, their usage is restricted to the fre-
quency range associated with the α and β dispersions.

The experimental setup involves utilizing the open-ended probe technique, which
includes a coaxial probe and dedicated software, to conduct a range of experiments
using the network analyzer. Keysight Technologies came out with spectrum and
network analyzers with high measurement integrity.

The S11 reflection parameter determines the surface of contact between the probe
and the tested material using the VNA that is meant to be a probe with specialized
software. The phase shift corresponding to the change in the magnitude ratio is called
S11. The illustrations of reflection and transmission probes are highlighted in Figure 2.
Some exemplary models are incorporated into the supplied software to collect the real
and imaginary parts of the dielectric permittivity.

For less expensive solutions, the 85070E probe is replaced with another subminia-
ture version (SMA) coaxial connector that can perform correctly at some good fre-
quency ranges [32].

Conversely, coaxial transmission lines or waveguides are employed to evaluate the
S21 parameter, which represents the ratio between the transmitted signal through the
material under test and the incident signal. The magnetic permeability and dielectric
permittivity analysis determine the S21 parameter [33].

In the reflective operating mode, the VNA produces a sinusoidal signal spanning a
wide frequency range from 20 kHz to 8 GHz. The incident and reflected signal
separation happen at this point [34]. From the reflected signal of the probe, dielectric
properties obtained are chargeable to derive the phase and the amplitude. Theoretical
models are also used to derive the frequency spectra for permittivity factors ε0(f) and
ε″(f). Moreover, some elements should be counted as a distribution parameter system
for modeling purposes, especially since the real part of ε*(f) requires applying high
frequencies [35].

2.3 Measuring techniques

The test fixture was selected depending on the nature of the material to be
experimented with. Some significant features behind the considered elected option
are the frequency range, the required accuracy level, the measurement volume, and
the experiments’ budget [31]. Consequent to the dielectric material under test, the
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design of the sample holder, the measurement system, and the technique was
designated.

Figure 3 illustrates the main methodologies employed in the agricultural and food
industry in relation to frequency.

The coaxial probe method is a simple and convenient method for liquids and semi-
powders where the material is measured by emerging the probe into the liquid and
such a system consists of the probe, the network analyzer, the software that is
included in the 85070E probe kit. No external computer is needed for the PNA
generations. At the same time, it is not the case for other analyzers that rely on the
82357A USB (universal serial bus) to GPIB (General Purpose Interface Bus) interface.
A common technique is the Agilent 85070E open coaxial probe, which has been used
immensely in biological materials, liquids, and other mixtures, where the permittivity
can be derived at a frequency ranging from 0.2 to 50 GHz [31]. The vector network
analyzer accompanying such experiments is the popular Agilent 87070 [31]. This
system is premeditated to be highly priced but was extensively used in the industry,
being one of the most commercial measurement systems adapted for solids and
liquids.

Most of the food industry experiments in the last decade were executed using the
85070E Dielectric Probe Kit, including probe and software. The complete system used
in process analytic technologies is based on a network analyzer measuring the dielec-
tric parameters of the material (dielectric constant, loss factor, loss tangent, and Cole-
Cole). It is connected to the Vector network analyzer Agilent N9912A.

Currently, a commercially available THz-TDS system (TeraView TPS 4000) is
employed, which incorporates a pair of GaAs photoconductive antennas (emitter and
receiver). This system utilizes a femtosecond laser module to generate laser pulses that
are divided into two separate beams (pump and probe) using a beam splitter [30].

Figure 2.
Reflection and transmission types of probes [31].
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The transmission line technique is primarily employed for machinable solids that
can be inserted into the transmission line. This broadband method is limited in fre-
quency coverage only by the size of the sample holder.

A technique that requires no contact is the free space approach. This method relies
on antennas to focus microwave energy through a slab of the material under elevated
temperature, mainly used at millimeter wave frequency.

Within a specific frequency range, the cavity perturbation technique has been
widely employed for liquid samples at both low and high temperatures. The resonant
cavities at a specified frequency are influenced by the material sample, allowing for
the calculation of permittivity. Notable options include Keysight’s 85072A 10 GHz
split-cylinder resonator and split-post dielectric resonators [27].

The fundamental inexpensive technique widely applied is the parallel plate capac-
itor method, where the material is placed between the electrodes forming a capacitor.
An impedance analyzer or even an LCR meter can be adopted for a typical system.
Another method relies on inductance measurement to derive the permeability where
the material under test is wrapped with a wire, and inductance is evaluated with
respect to the ends of the wire. For this technique, the Keysight 16454A magnetic
material test fixture is available. When a toroidal core is put in, this probe does not
flux and thus is considered ideal for single-turn inductors. Reflection-based measure-
ments offer a versatile approach to investigate solids and liquids over a broad fre-
quency spectrum. Alternatively, by employing the Fourier transform of the sensor’s
reflectogram resulting from the applied forcing pulse, the frequency spectrum of the
complex dielectric permittivity can be obtained. To construct a dielectric permittivity

Figure 3.
Methods for characterizing dielectric properties in the agri-food sector across different frequency ranges [31].
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sensor, two or three stainless steel rods can be strategically positioned within the
material under examination, forming a segment of a parallel waveguide.

Graphical representation depicted in Figure 4 illustrates the system’s measurement
suite, classified according to the material type being tested and the frequency range
employed for measurements.

Some genuine dielectric properties experiments were recently witnessed at the
Institute of Agrophysics in Lublin. A web server was used to store data concerning the
soil moisture, temperature, and salinity of the soil. Such an implementation has some
advantages in lowering power consumption in the long term [36].

While extensive scientific research on dielectric properties explores the testing of
various objects, achieving accurate characterization across a wide frequency range
through dielectric spectroscopy remains challenging. Therefore, improving dielectric
measurements and developing advanced sensors can expand the field’s investigation
scope. Additionally, designing equipment for radiofrequency and MW dielectric
heating applications holds significant importance [37].

3. Applications

Although it has extended to medicine and material engineering, the main field of
research for dielectric characterization has been the horticultural field. The number of
applications of these techniques is extensive, and they are usually classified according
to the technique used, appearing in two large divisions, dielectric characterization
studies and BIS measurement studies [38].

Figure 4.
Measurement apparatus used for the measurement of materials [12].
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The quality factors of fruits and vegetables that are notably worth highlighting are
moisture content, maturity defects, and imperfections. All these factors help harvest,
classify, and package the products, improving their uniformity and quality [39].
Conducting this type of measurement using simple and innocuous techniques has
been a subject of constant development in recent years, with dielectric characteriza-
tion being a handy tool in food engineering and technology. Initially, the quality
studies contemplated the properties of fruit and vegetables [40]. Subsequently, they
have spread to other tissues of animal origin, such as meat [41] or fish [42].

The dielectric properties correlate with the quality parameters of the objects, as
well as with their physical characteristics and chemical properties [12]. Quality
parameters encompass firmness, pH, soluble solids, moisture content, and electrical
conductivity. It is essential to ascertain the ideal frequency range that yields the
desired dielectric properties, the depth of penetration reached in a particular food,
and its variability with frequency or temperature to characterize varied materials.

Table 1 summarizes the main advances established in studies and applications of
dielectric characterization in recent years.

Electrical impedance spectroscopy is a method employed to evaluate the electrical
characteristics of substances through the application of alternating electrical signals at
various frequencies, followed by the measurement of the resulting response signals.
This technique is safe, non-invasive, fast, portable, low cost, and easy to use,
thereby holding significant potential for monitoring quality processes within the food
industry [107].

The structure and composition of the materials determine the dielectric properties,
while the frequency and temperature are related to the maturity of the agricultural
product. Furthermore, ionic components exert notable repercussions on dielectric
properties. Density is one more crucial element affecting the interaction between the
electromagnetic field and the mass involved. The storage time of agricultural products
also plays a vital role in their dielectric properties, as maturation processes occurring
during storage can affect them.

The focal point of this investigation involves examining the interrelationships
between the dielectric properties and additional chemical and physical attributes of
the analyzed substance. The utilization of rapid and non-destructive quality assess-
ment techniques for agricultural products is of utmost importance when evaluating
dielectric spectroscopy methodologies in the field of agrophysics [9]. These tech-
niques offer a clean and non-destructive approach that is imperative for effective
management systems. They can provide a means to simultaneously examine changes
in fruit tissue during ripening and intracellular and extracellular behaviors. Imped-
ance spectroscopy has succeeded in a very high-frequency range, reaching up to
6.25 MHz.

Among the main BIS applications, it is worth highlighting the determination of
freshness in fruits of different kinds, such as apples [108] and bananas [109]. As well
as the measure of aging [110] or the ripening of apples [111], mangos [112], citrus
[113] and pears [114], and other fruits. This technique can also build an
immunosensor that looks for virus selection in products [115] and discriminates
between healthy and infected samples [116]. Determining acidity in citrus using
dielectric impedance has been particularly interesting in recent years as it is a non-
destructive method [117]. The effects of temperature on kakis [118], nectarines [119],
and their content of soluble solids [120] have been established.

BIS can monitor the concentration of elements such as nitrogen in plants [121].
Therefore, it is considered a non-destructive technique for estimating the impacts of
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Food Research Reference

Apples

Relationship with quality during ripening on the tree [40, 43]

Maturation and shelf life [44]

Identification of the varieties [45]

Bruised product quality [46]

Quality parameters [9, 46]

Maturity parameters [47]

Determination of soluble solids content [48]

Quality factors during 10 weeks of storage [43]

Decreases with temperature and frequency [48]

Apple juice

Temperature dependence similar to water [4]

Apple peel

The dielectric constant decreases with temperature [40]

Carrots

Variation with frequency, enormous values at low frequencies [49]

Inflection points and critical edge frequency at 100 MHz [50]

Internal structure and physiological state of tissues [51]

Peas

Changes in the salt content and sample thickness [52]

Eggplants

Increase with increasing storage period [52]

Energy storage capacity and energy loss vary depending on ambient
temperature

[53]

Avocados

Temperature dependence disappears at a frequency of 100 MHz [54]

It decreases with increasing temperature [55]

Coconut
water

The energy storage capacity reduces with frequency and is minimum around
2 GHz

[53]

Coconut oil

Use as electrical insulating material [56]

Grapes

Loss factor increases with storage time [12]

Grape juice/
wine

Variation of dielectric properties with time of change of state [57]

Relationships with the variety or the area of the collection can influence the
outcome

[58]

Control of wine fermentation [59]

Dependence on humidity and temperature [60]

Relaxation frequencies according to the molecular structure of the varieties [61]

Determination of adulteration [62]
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Food Research Reference

Dielectric constant and loss factor are higher in grape juice than in wine at
200 MHz

[58]

Dielectric constant decreases with frequency [57]

Guavas

The depth of penetration showed a decrease as the frequency and
temperature increased

[63]

Dielectric constant decreased with temperature for frequencies above
1000 MHz

[64]

Mangos

Physicochemical transformations occurred in the ripening process [65]

Sugar content, lowest value on the day of peak maturity [66]

Ripening characteristics [67]

Relationship with loss factor, critical frequency, pH, and moisture content
during preharvest

[68]

Relationship with fructose and pH in the 2.5–12.5 GHz range [69]

Dielectric constant and the loss factor decrease as humidity decreases at low
frequencies

[70]

Sound product properties (0.5–20 GHz) [71]

Melon

Linear relationship with the content of soluble solids [72]

Classification of varieties [73]

Quality parameters [74]

Watermelon

Detection of maturity of 10 MHz–1.8 GHz and quality parameters [75]

Decreased permeability with humidity [47]

Determination of sugar content [76]

Tomatoes

Maturity [77]

The values exhibit a downward trend as the frequency increases.
Additionally, at elevated temperatures, there is a decrease in the dielectric
constant and an increase in the dielectric loss

[78]

Determination of varieties [79]

The depth of penetration exhibits a reduction as the frequency and loss factor
increase

[80]

Potatoes

Quality evaluation [47]

Dielectric properties decrease with frequency [81]

Pears

Determination of firmness [82]

Qualitative characteristics. [83]

Higher values for higher bruise levels and lower moisture contents [84]

Peaches

Values decrease with increasing frequency and temperature [85]

Non-linear relationship with soluble solids, moisture content, and pH [86]

Oranges

Evaluate penetration depth of microwaves and design applicators for
pasteurization processes

[87]

Cane sugar

Variation with sugar concentration and temperature [88]
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other ions on plant tissue, achieving higher crop yields. Additionally, BIS enables
monitoring of plant conditions, including early developmental stages, and facilitates
quality control of the final products.

Impedance measurement has recently been employed to investigate the isolated
effect of viruses [122]. The findings reveal that the resistance of the leaves of the
infected plant is lower than that of the leaves of the healthy plants. Therefore, the
impedance measurement is a fast and intelligent method to diagnose the existence of
diseases in plants [123], the relaxation processes [10], or the diffusion and interaction
of biomolecules with water [124].

Food Research Reference

Honey

Honey adulteration [89]

Nuts

Moisture content [90]

Values increase with temperature [91]

Legumes

Increase with temperature and moisture concentration, decrease with
frequency

[92]

There is an inverse linear correlation observed between the loss factor and
the frequency

[93]

Depth of penetration decreases with increasing frequency [94]

Milk

Decreases with increasing frequency and varies with storage [95]

Measurement of sugar content and relationship with fat content [96]

Variation of properties with frequency [97]

Vinegar

Dielectric constant decreases as frequency increases [98]

Animal
products

Relationship with temperature and humidity [99]

Identification of sex and age of the species [100]

Determination of metabolic state [41]

Eggs

Quality parameters [42]

Composition [101]

Quality classification [102]

Freshness [103]

Decreased with frequency, less in the bud [104]

Liquids

Measurement of alcohol content [105]

Oils

Composition, adulteration and quality [106]

Table 1.
Dielectric characterization applications and studies in recent years (1949–2023).
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BIS is an intriguing method to assess the condition or composition of human
organs and different types of biological tissues in vivo [125]. Given the significance of
food disinfection for public health and safety, numerous related applications exist. An
example of this is the development of an innovative methodology for the real-time
detection of the amount of disinfectant in a sample by determining the characteristic
frequencies and the dielectric permittivity spectra within a specific frequency range.
This method establishes a correlation between the characteristic frequencies and
disinfectant concentration with acceptable precision [126].

Among postharvest applications, radiofrequency (RF) and microwave (MW)
heating affects the dielectric properties of materials. Permittivity and moisture con-
tent are closely correlated in food with high water content. It is essential to find the
dielectric properties of partially frozen materials to assess the heating rates and uni-
formity during microwave (MW) thawing [51]. Water in the microwaved material
can increase heating efficiency, as water is a strong microwave absorber that converts
microwave energy into heat. However, when the moisture content is too high, there
can be a negative effect on heating efficiency, as the water can absorb so much energy
that thermal overload occurs in the material, leading to degradation or even carboni-
zation. Therefore, the relationship between moisture content and microwave heating
efficiency is intricate and influenced by many factors, such as the composition and
structure of the material, the frequency and intensity of microwaves, and the duration
of heating. These properties are essential to detect processing conditions or food
quality [127].

Dielectric heating has shown its applicability for fruit drying, often achieving
quickly and providing higher quality dried products with low energy consumption
[128]. Through RF and dielectric heating applied in the drying of agricultural prod-
ucts, it improves thermal efficiency, the quality of the final product and reduces
drying time compared to conventional drying. Using RF and dielectric heating, food
can be protected from insects inside the nuts [129]. The dielectric heating methodol-
ogy can be used to reduce the necessary times of heat treatment that entail the control
of pests present in food after harvest [130].

The pasteurization and sterilization of fruit juice concentrate are processes where
the proper choice of frequency is essential to obtain a uniform pasteurization [131].

In this context, considering the significance of the characterization process of
fruits and vegetables from harvest to cold storage, along with the accelerated techno-
logical advancements and the availability of mathematical methods, as well as the
numerous research studies conducted worldwide, there is a significant demand to
review the existing electrical characterization methods in the horticultural field.

4. Conclusions

The robust association between the dielectric response and the chemical and
physical composition of agro-physical materials enables the identification of specific
properties and quality indicators related to them. One of the primary applications of
DS and BIS is the assessment of fruit ripeness and quality. As fresh produce ripens, its
dielectric properties change, utilized as indicators of ripeness and quality. The detec-
tion of dielectric properties of fresh fruit can also be used to detect disease and
mechanical damage. These techniques can also be used to determine the quality of the
products during storage, and therefore their control prevents loss of quality and
freshness. In addition, they can be used to evaluate product quality during processing
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to meet quality and freshness standards since techniques such as pasteurization or
freezing affect their dielectric properties.

The development of particular and advanced techniques and instrumentation
improves the capabilities of these non-destructive characterization techniques, as they
are valuable for environmental and economic scientific evaluation within the food
industry. Accuracy is indispensable in the measurement of dielectric and bioelectrical
impedance spectroscopy since some essential characteristics must be maintained dur-
ing the execution of the measurement. Factors such as the probe’s altitude, the mate-
rial’s manufacture, and the quality and size of the beaker used must be considered in
the experimentation and measurement. In addition, the amount of liquid under the
test in which the probe is fused, the agreement with the amount of water under which
the calibration has been performed, and an essential parameter such as the constant
depth of the measurement must be considered. Advancements in understanding the
dielectric characteristics of materials have led to further progress in the sensing field,
enabling the monitoring of fresh produce’s properties. The objective is to maintain the
optimal conditions of fresh produce from production and harvesting to consumption.

Despite the antiquity of applying these non-destructive techniques, they are still
experimental techniques under development, with a solid technological impact and
providing numerous novelties. The traditional field of research has been the fruit and
vegetable sector, although nowadays, the study has been extended to different areas,
thus establishing new challenges and future perspectives.
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Chapter 5

Charge Carrier Kinetics Studied by 
Microwave Absorption
Marinus Kunst and Reinhard Schwarz

Abstract

In this work, it will be shown that the change of the microwave reflection of a 
semiconductor by illumination can be used to determine the photoconductivity. The 
reliability of the method is successfully tested by monitoring the change of the posi-
tion of the sample in the microwave field compared to results calculated with a simple 
model. Besides, the parameters determined by the measurements agree with those 
for a sample with known parameters (silicon). The use of illumination with fast laser 
pulses makes contactless study of excess charge carrier kinetics possible. Examples are 
given for measurements of systems difficult to access with conventional photocon-
ductivity measurements: an amorphous semiconductor, a-Si:H, and a semiconducting 
powder, TiO2.

Keywords: microwave (photo) conductivity, charge carrier kinetics, semiconductor 
quality, photocatalysis, carrier lifetime

1. Introduction

The kinetics and the mobilities of charge carriers are essential for the performance 
of semiconductor electronic devices. These processes can be studied most appropri-
ately by investigation of the properties of excess charge carriers. In semiconductors, 
it is convenient to use light to induce excess charge carriers; additionally, this yields 
supplementary information for light-driven devices.

In the late forties semiconductor and microwave physics got a new impact after 
the military development during the war. The combination of both was relatively 
rare until, again, military interest was awakened for the investigation of coatings for 
airplanes, making them invisible for RADAR. This requires materials absorbing but 
not reflecting microwaves.

In the seventies, a radiation chemistry group in Delft (The Netherlands) published 
quantitative measurements of the excess conductivity excited by short electron pulses 
by microwave reflection in a closed waveguide system. This research initially involved 
the investigation of liquids and gases or solids that can be frozen from the liquid 
and so perfectly fit the waveguide. The dependence of the signal on the microwave 
frequency was used to test and to obtain quantitative results [1, 2].

In this work, the transient absorption of excess charge carriers in semiconductors 
in the microwave frequency range is investigated. This is performed by illumina-
tion of a sample with short laser pulses and monitoring the relative change of the 
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microwave power reflected by the sample upon illumination, called the Time-
Resolved Microwave Conductivity (TRMC) signal. This relative change is propor-
tional to the transient conductivity, and so gives access to excess charge kinetics. A 
measurement configuration is used without strong requirements for the shape of the 
sample.

The experiments should be performed in waveguide equipment. Other experi-
mental realizations, e.g., coaxial, appeared to be more noisy. Signals are induced by 
10 ns (FWHM) pulses of an Nd:YAG laser at 1064 nm, 532 nm, and 266 nm.

Microwaves, provided by a Gunn diode, are directed to port 1 of a circulator, 
leading the microwaves via port 2 to the sample. The reflected microwaves are guided 
via port 3 to a point contact diode for transient measurements, replaced by a power 
head for stationary measurements. So measurements of the change of the reflected 
microwave power upon (pulsed) illumination can be monitored. For quantitative 
measurements, the sample is clamped between a variable short circuit. (a metal plate 
completely reflecting the microwaves that can be displaced). The TRMC signal, i.e., 
the relative change of the reflected microwave power upon illumination, ΔP/P, is 
proportional to the photo conductance ΔS(t):

 σ∆ = ∆ = ∆/P A A dP S   (1)

where A is the sensitivity constant, Δσ is the photoconductivity, and d is the thick-
ness of the sample.

The (dark) conductivity can be measured by measuring the reflection of the 
sample using the power head for detection and numerical evaluation.

In both cases, the position of the sample in the microwave field can be changed by 
shifting the position of the short circuit. This is very useful to test the reliability of the 
measurements and of the evaluation.

The equipment presented here will be described as a closed waveguide system, 
with the sample exactly fitting the waveguide. So, the theoretical results must be 
compared to the results of the present equipment to detect the possible influence of 
the failing of the waveguide at the position of the sample.

2. Theory

2.1 Microwaves

The theory follows the theoretical lines of the Delft group with some changes 
because light excitation is used, and the samples are thin semiconductors [1–3]. The 
theory is developed for a closed system where the sample perfectly fits the waveguide. 
The field reflection coefficient is calculated starting at the short circuit (yielding the 
boundary condition) up to the space between sample and circulator using the evolu-
tion of the field reflection coefficient in a homogeneous medium and at the interface 
between two media with different optical constants to obtain the reflection coeffi-
cient between sample and the circulator. The power reflection coefficient R is given by 
the conjugate product of the field reflection coefficient.

The change of the power reflection coefficient under illumination of the sample 
ΔR(t)/R is the measurement (Time Resolved Microwave Conductivity) signal. 
The variable short circuit enables the displacement of the position of the sample in 
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the microwave field. The analytical solution is intricate, and it is convenient to use 
numerical solutions. An example of such a simulation is given in Figure 1.

Figure 1a shows the power reflection coefficient R as a function of the distance 
between the sample and the short circuit, l. The simulation has been performed for a 
1 μm sample with conductivity σ = 1(Ωcm)−1, the dielectric constant ε = 1 at 10GHz. 
By the change of the distance l between the sample and the short circuit, the position 
of the sample in the sinusoidal microwave field changes: the sample is in a very small 
(effectively zero) microwave field if the short circuit is against the sample (at a dis-
tance zero) leading to a very small microwave absorption and a reflection coefficient 
unity. Displacing the short circuit from the sample leads to a decrease of the reflection 
coefficient up to 1 cm distance where the reflection coefficient is at a minimum, the 
sample is at a maximum of the microwave field, and the absorption is at maximum. 
At larger distances, R is the reflection coefficient increases again up to l = 2 cm. This 
pattern repeats, and the dependence can be characterized as the absolute value of a 
sinus with a period of 2 cm. This is half of the microwave wavelength at 10GHz in 
a waveguide. Because the conductivity is detected independently of the sign of the 
field, this pattern represents the microwave field.

Figure 1. 
Reflection coefficient R (upper curve) and ΔR/R (lower curve) in a 1-μm-thick semiconductor calculated with the 
model, as a function of the distance l between the short circuit and the sample (courtesy by J. Appl. Phys.).



Microwave Technologies – Recent Advances and New Trends and Applications

98

In Figure 1b, the corresponding TRMC signals ΔR/R (or ΔP/P) are plotted for a 
conductivity change Δσ = 0.1(Ωcm)−1. The signal is negative (increased absorption). 
The highest (absolute) value of the signal is found at the minimal value of R (largest 
absorption) and the lowest (absolute) value at the maximum value of R (very small 
absorption).

2.2 (Excess) charge carrier kinetics

In Si, the (excess) conductivity is due to electrons and holes in the respective 
bands:

 ( ) ( ) ( )σ∆ = ∆ µ + ∆ µn pt t e t en p   (2)

with Δn(t) (Δp(t)) the density and μn (μp) the mobility of excess electrons 
(holes), respectively, and e the unity charge.

In general, the decay time τ of the signal is given by:

 ( )τ = τ + τs v1/ 1/ t 1/   (3)

where τs reflects decay by surface recombination and τv that due to volume 
recombination.

Kinetics are described by the continuity equation for electrons and that for holes 
connected by the Poisson equation. In crystalline silicon in most cases, the densities of 
electrons and holes can be considered to be equal. Then, the equations can be reduced 
to the ambipolar continuity equation with one diffusion constant only: the ambipolar 
diffusion constant. This reduces to the minority carrier diffusion constant for low 
injection, as it is the case for the data presented below. Detailed descriptions can be 
found in the literature [4].

For the present work, only some particular cases are presented. Interesting is 
the case of a surface that can be considered as an infinite sink for charge carriers. 
This can easily be tested in a silicon sample by generating a signal with 532 nm light 
(surface excitation). Then, the decay behavior due to recombination at the illu-
minated surface before an appreciable number of excess charge carriers attain the 
other surface is:

 ( ) −∆ 0.5t ~ tn   (4)

This extended decay is explained by the diffusion of excess charge carriers away 
from the recombinative surface [5].

For both surfaces abrased after uniform (1064 nm) excitation, the decay time after 
the establishment of a stationary (principal mode) distribution is [5]:

 ( )πτ = 2 2
s d / D  (5)
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where D and d are the carrier diffusivity and film thickness, respectively.
For only one surface abrased, this is given by:

 ( )πτ = 2 2
s 4 d / D  (6)

3. Experimental section

3.1 Measurements of silicon

3.1.1 (Dark) conductivity measurements

In Figure 2, measurements of the reflection coefficient R of a 525 μm Si wafer as a 
function of l are plotted (points) and compared to the best fit of the simulation with 
only one freely varying parameter: the conductivity σ. For this best fit, an equivalent 
value 47Ωcm was found to agree with the value 40-60Ωcm specified by the producer. 
Also, the shape of the experimental data proves that the model explains nicely the 
data. So, the equipment of Figure 3 can be described as a closed waveguide system as 
it is confirmed also by other measurements.

Compared to the simulated data in Figure 1, the data in Figure 2 do not show a 
symmetrical shape. The presence of a material of a thickness that cannot be neglected 
with dielectric constant ε = 12 leads to deformation, although the signal is still 

Figure 2. 
Values of the reflection coefficient R measured in a 525-μm-thick n-Si wafer (40–65 Ωcm) as a function of the 
distance I between short circuit and the wafer (data points). The line drawn represents the best fit of the model to 
experimental data for σ = 2.15 (Ωcm)−1 (i.e., ρ = 47 Ωcm). (courtesy by J. Appl. Phys.).
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periodical with 2 cm. This deformation is mainly due to the decrease of the microwave 
wavelength in Si.

3.1.2 An application

In Figure 4, the power reflection coefficient R as a function of the distance l 
between sample and short circuit is compared for a substrate p-Si wafer (100Ωcm, 
500 μm) compared to data of this wafer covered at one face with 100 nm SiN and at 
both faces with SiN. The best fit of the data is given by the straight lines in the figure, 
with the conductivity as the only variable parameter.

Figure 3. 
Equipment for quantitative TRMC measurement.

Figure 4. 
The reflection coefficient R as a function of the distance l between sample and short circuit for a n-Si wafer 
(doping 1013 cm−3) bare, with a 100 nm SiN film on one face and a 100 nm SiN film on both faces (courtesy by 
Appl. Phys. Lett.).
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The experimental data show good correspondence with the simulation. Evaluation 
of the conductivity from the simulation shows an increase of the conductivity by the 
presence of the SiN film and a two times higher conductivity with both faces SiN. This 
cannot be due to conductivity in the film; a bare SiN film does not show appreciable 
photoconductivity, and besides, the charge carrier mobility is very low. Consequently, 
the increase of the conductivity is due to an increase of charge carriers in Si. As it 
is known that a SiN film on Si is positively charged, these results indicate that SiN 
electrons are injected into Si, probably from interface states [6]. This leads to an 
accumulation region in Si at the interface.

For p-type Si, the same results have been obtained. Also here, a deposited SiN layer 
has a positive interface. In this high ohmic sample, this is due to an inversion layer in Si. 
So, in both cases, electrons are emitted from (defect) states in SiN to the Si substrate.

Interestingly, the dependence of this conductivity change on the thickness of the 
SiN layer. Measurements of the conductivity change as a function of the SiN thickness 
show that this change saturates at a thickness of about 20 nm (Figure 5).

This suggests that 20 nm is sufficient for the passivation of Si by SiN as the pas-
sivation of Si by SiN is mainly due to the presence of a space charge. At higher dark 
conductivities, the analysis of the data is more difficult because also the role of the 
holes must be taken into account.

3.1.3 Photoconductivity (TRMC) measurements

First, it must be realized that the technique is not appropriate for the determination 
of the lifetime in state-of-the-art Si wafers, as the decay of the TRMC signal will be 
determined by surface recombination. However, modification of the surface, e.g., 
by deposition of lavers, or degradation of the volume, e.g., by radiation damage, can 
be studied informative measurements require the uniformity of the microwave field 
in the sample. So, the decay is only due to the immobilization of charge carriers and 
not to a change of position. This is conveniently done by comparison of the signals 

Figure 5. 
Change of the conductance ΔS of a n-Si substrate as a function of the thickness of a deposited SiN film (courtesy 
by Appl. Phys. Lett.).
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induced by 532 nm (surface generation) to those induced by 1064 nm (uniform 
generation) for the same number of photons absorbed. This shows that uniformity is 
at best at the maximum of the microwave field [7].

An informative impression of these effects is shown in Figure 6 for a Si wafer with 
abrased surfaces (i.e., infinite sinks for charge carriers):

In this figure, signals induced by 532 nm light pulses are displayed on a double 
logarithmic plot arbitrarily displaced in vertical direction to make the decay behavior 
more visible. The lines drawn have a slope 0.5: signal b was measured at the maximum 
of the microwave field and shows the behavior with t−0.5 as predicted by the theory 
(Eq. 4). It also shows the change of the slope at the time when recombination at the 
other surface approximately indicated by the decay time after 1064 excitation (Eq. 
5). Signal a in the figure monitored at another position in the microwave field (no 
uniform microwave field). Here, the decay of the signal is slower due to the diffu-
sion of charge carriers to regions in higher microwave fields. On the contrary, signal 
c shows a too-fast decay. Here, the charge carriers diffuse after excitation to regions 
with lower microwave fields. This shows the importance of a uniform microwave field 
to observe the real decay by charge carrier immobilization, not obscured by other 
effects.

3.1.4 Surface modification of silicon

In semiconductor technology, the effect of a thin surface layer on the material 
is very important. This can be for passivation of the surface, generation of a space 
charge region, or both. SiN deposited on Si obtains a positive charge and consequently 
induces in weakly doped p-Si an inversion layer. In Figure 7, TRMC signals induced 
by 532 nm light (data points) at the SiN face of a p-Si wafer only at this face covered 
by SiN are compared to Surface Photo Voltage signals (lines drawn) in a double 

Figure 6. 
TRMC transients induced by 532 nm light pulses in a 0.5 mm thick n-Si wafer (40-60Ωcm) at different distances l 
between the short circuit and the wafer. The label (b) refers to a position at the maximum of the microwave field, 
(b) and (c) to other positions. The straight lines are characterized by a slope of −0.5 (courtesy by J. Appl. Phys.).
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logarithmic representation. SPV signals monitor the change of the voltage at the 
surface (in this case, over the inversion layer).

The TRMC signals show an initially faster decay followed by a much slower decay. 
The SPV signals show an equivalent slow decay, but the signal is time-independent 
before the onset of the slow decay. The initial decay of the TRMC signal represents 
excess charge carriers outside the space charge region (and so invisible in SPV mea-
surements) and shows decay at the uncovered surface given by Eq. (6).

The slow decay reflects excess charge carriers in the space charge region, generat-
ing the photo voltage observed with both methods. Consequently, TRMC measure-
ments can be used to study kinetics in the space charge region.

Interesting is the difference between SiO and SiN covering of silicon. Both obtain a 
positive charge after deposition on silicon. SiN on silicon has a higher positive charge 
and so a larger space charge region. However, the volume decay and the decay of 
charge carriers in the space charge region (i.e., the decay of the photovoltage) is faster 
in the SiN-covered system.

3.2 Measurements of other materials

In fact, as a contactless method, the TRMC method is most appropriate for 
 materials where the contact properties are largely unknown for all new materials. 
Also, for materials that cannot easily be contacted as semiconductor powders, the 
method seems adequate.

3.2.1 Amorphous silicon (a-Si:H)

This material has several applications in electronics. Although the application in 
p-i-n solar cells is limited because the degradation during extended illumination is 
handicapped (Staebler–Wronski effect), the use in heterojunctions is still growing 
strong.

Experiments were performed to verify the applicability of TRMC measurements 
to amorphous, low-mobility materials. A good agreement with the theory discussed 

Figure 7. 
TRMC transients in a p-Si wafer covered at one face by a SiN film induced by 532 nm light pulses at the covered 
face at different intensities. The straight line represents surface photovoltage (SPV) signals obtained under the 
same conditions (courtesy by Phys. Stat. Sol.).
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above with only mobility as a varying parameter. A mobility of about 0.5cm2V−1 s−1 is 
obtained [8].

The transient photoconductivity in intrinsic and n-doped a-Si:H is due to elec-
trons. The electron mobility is two orders of magnitude larger than the hole mobility, 
and in intrinsic a-Si:H the Fermi level is nearer to the conduction band (or in other 
words, it is weakly n-doped). But, even the electron mobility is only about unity, and 
TRMC measurements must be performed at high laser intensities.

The TRMC signal in a-Si:H after 532 nm excitation follows the pulse shape, giving 
way to a tail. The importance of the tail relative to the signal maximum at about 10 ns 
(the TRMC amplitude) increases with decreasing excitation density (Figure 8).

The TRMC amplitude increases with the square root of the excitation at high exci-
tation densities and changes in a linear dependence at low excitation densities. The 
square root dependence is due to a second-order electron-hole recombination already 
active during the excitation (Figure 8).

It appeared that even at the high excitation densities required a reliable impres-
sion of the quality of a-Si:H is obtained from the TRMC amplitude [9]. The TRMC 
amplitude is smaller for lesser quality material due a decrease of the mobility and 
trapping.

3.2.2 TiO2 powder

Titania (TiO2), a white nano-crystalline size powder, has several applications:

Figure 8. 
TRMC transients induced by 532 nm laser pulses in an a-Si:H film at 1.5 mJ/cm2 (o), 0.15 mJ/cm2 (*) and 
0.015 mJ/cm2 (+). The maxima of the TRMC amplitudes are normalized at the same value to accentuate the 
difference in decay behavior (permission by Appl. Phys. A).
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• as a white paint, in dyes, esthetical products, etc.

• as catalyst, in particular for depollution

• in solar cells, covered by a dye to overcome the too-large bandgap for solar 
energy conversion.

TRMC measurements can elucidate the influence of surface modifications, which 
is important for these applications.

In Figure 9 TRMC signals are shown in a double logarithmic representation. The 
transient b is obtained for an untreated TiO2 (P25) sample. Treatment of the power 
with 2-propanol leads to a large decrease of the decay (transient a). On the contrary, 
treatment with tetranitromethane leads to a very large increase in decay (c). This is 
explained by increased electron immobilization on the tetranitromethane modified 
surface and an increased hole trapping at the 2-propanol modified surface.

To explain these effects it must be taken into account that the signal is due to 
mobile electrons. This explains the faster decay at the tetranitromethane treated 
surface. The trapping of holes by the 2-propanol treated surface leads to a decrease 
of the electron-hole recombination and so a slower electron decay and a slower 
TRMC decay. This experiment shows the sensitivity of TRMC measurements to the 
influence of surface modification on excess charge carrier kinetics. This makes the 
technique an important tool for the investigation of photocatalysis on semiconduc-
tor powders.

Figure 9. 
TRMC signals induced by 266 nm laser pulses in TiO2 (P25) powder, (a) untreated powder, (b) treated with 
2-propanol, and (c) treated with tetranitromethane (courtesy by J. Phys. Chem.).
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4. Conclusions

In this work it is shown that contactless measurements in the microwave frequency 
range yield a reliable determination of (photo)conductivity at the hand of measure-
ments on crystalline silicon; a system with known parameters. As example, the 
influence of an important passivation of silicon by SiN is investigated, and injec-
tion of electrons in silicon is observed, so the positive charge of the SiN interface is 
explained. This leads to an accumulation layer in n-Si and a depletion/inversion layer 
on p-Si. Further examples concerned a-Si;H and a semiconducting powder, TiO2.

The technique is particularly appropriate for new semiconductors with unknown 
contacting properties [10–12] and for the investigation of powders for photocatalysis 
on semiconductors [13, 14].

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 6

Prospective Applications of
Microwave Reflectarray Antennas
to the Design and Fabrication of
Future Radio Telescopes
Luca Olmi

Abstract

The size, cost, and complexity of radio telescopes and their instrumentation have
grown enormously during the last few decades. The vast majority of new technology
employed by radio astronomy has been developed for the industrial market, and the
technology in use by today’s best radio telescopes is 20 to 30 years old. In particular,
the antenna technology has changed very slowly, and thus, an important question is
whether novel antenna technologies might bring down the cost of collecting area,
since efficiency and accuracy compromises become much more costly for large radio
telescopes. In this chapter, we discuss the strengths and weaknesses of specific new
technologies, and in particular reflectarrays, which have been developed mainly for
remote sensing and satellite communications, that might lead to a great leap forward
in the design and fabrication of antennas for radio astronomy.

Keywords: radio telescopes, radio astronomy, reflectarrays, transmitarrays, antennas

1. Introduction

Radio astronomy is currently going through a critical transition, where novel
electromagnetic (EM) technologies and approaches are replacing the standard radio
astronomical methods for radiation detection. These new technologies are mainly
based on the use of arrays, the control and modification of the incident wavefront, the
use of “metamaterials,” and the continuous improvement of the performance of both
the telescope and its auxiliary instrumentation. Historically, the metrics used to eval-
uate the performance of a filled-aperture (or single-dish) radio telescope is based on
three main parameters: sensitivity, angular resolution, and spectral resolution. The
classical approach to improve the first two parameters consists of using a larger
diameter for the primary reflector, leading to much increased engineering complexity
and construction costs. As a consequence of this “static” process, where the technol-
ogy in use by today’s best radio telescopes has not changed significantly, the size, cost,
and complexity of radio telescopes and their instrumentation have grown enormously
during the last few decades.
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In particular, while digital technologies applied to radio astronomy have
basically followed Moore’s law, antenna technology has changed very slowly, whereas
the technology of cryogenic amplifiers has followed a somewhat intermediate
improvement rate between the previous two extremes. Therefore, in the
development of ever larger and better radio telescopes, with expanded collecting area,
field of view (FOV), frequency coverage, instantaneous bandwidth, system tempera-
tures, and spatial resolution, the main bottleneck is constituted by the antenna design
and fabrication techniques. In fact, the current paradigm is that, to a first approxima-
tion, ten times as much money will buy ten times as much collecting area, all else
being equal. In this scenario, it is important to explore the possibilities offered by
new technologies and design approaches and analyze how they might be able to
improve the capabilities of new and existing telescopes in an engineering and
cost-effective way.

The vast majority of new technology employed by radio astronomy has been
initially developed for the industrial market, and then, it has been adapted for use
with radio telescopes and their instrumentation. During this process, a great deal of
design and laboratory work is usually required to learn and incorporate these new
technologies. For the antennas, the transfer of new designs and fabrication techniques
from the ground and satellite communication industry to radio astronomy has proved
to be even slower. This is mainly because technological transfer from one field to
another always requires a significant (and costly) development phase and also because
of a certain degree of risk associated with this adaptation process. However, new
antenna technologies are now sufficiently mature to advocate preliminary studies for
their potential applications to radio astronomy, at frequencies higher than a few
100 s MHz.

2. Recent telescope development for radio astronomy

In the late 90s and early 2000s, several trends emerged in the development
of filled-aperture radio telescopes, specifically in the case of electrically large (D=λ
≳5� 104 antennas for the microwave/millimeter wave range (the main components
of a dual-reflector radio telescope are schematically indicated in Figure 1). These
trends concerned both the mechanical and the optical design of the telescope, which
also had to accommodate the newly developed heterodyne and bolometric focal plane
arrays (e.g., the review in [1]). In particular, the mechanical design was generally
focused on achieving the best possible homology. On the other hand, depending on
the scientific programs, the optical designs had different prominent features, such as
off-axis (e.g., Green Bank Telescope, GBT), wide-field (e.g., South Pole Telescope,
SPT), and shaped optical configurations (e.g., Sardinia Radio Telescope, SRT). If we
extend our review into more recent years and also to the submillimeter wave range we
can note that three main classes of radio telescopes have been finalized or are cur-
rently in the design or construction phase (see also Table 1): (i) large (≳50 m) single-
dish instruments (e.g., LMT, AtLAST); (ii) extended synthesis arrays (e.g., ALMA,
SKA, ngVLA); and (iii) smaller instruments designed for specific projects or with
specific enhanced performance (e.g., CCAT/FYST).

Despite the great variety in the specific design, overall performance, and scientific
applications, all of the telescope projects described above are still based on standard
technologies for designing the collecting area of the instruments (in particular at
frequencies higher than a few 100 s MHz), with possibly some innovations only in the
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Figure 1.
Example of a classical dual-reflector radio telescope working in the microwave region. Radio waves reflect off the
primary and secondary surfaces and focus at the position of the feed horn (or array of feed horns), where the
transition from propagation in free space to guided propagation takes place. Receivers and other auxiliary devices
then amplify, detect, and analyze the radio signals.

Telescope Type Present
status

Optical
configuration

Diameter of primary
reflector (m)

Frequency range
(GHz)

SRTa Single-dish Upgrading Shaped 64 ≈0:3� 115

Gregorian

LMTb Single-dish Operational Cassegrain 50 ≈75� 350

JCMTc Single-dish Operational Cassegrain 15 ≈85� 350

FYSTd Single-dish Under Crossed 6 ≈210� 850

construction Dragone

SKA-Mide Interferometer Under Offset 15 ≈0:3� 15

construction Gregorian

ngVLAf Interferometer Design Offset 18 ≈1� 115

phase Gregorian

aSardinia Radio Telescope (http://www.srt.inaf.it/)bLarge Millimeter Telescope (http://lmtgtm.org/)cJames Clerk Maxwell
Telescope (https://www.eaobservatory.org/jcmt/)dFred Young Submillimeter Telescope (https://www.ccatobservatory.org/)
eSquare Kilometer Array Mid-frequency telescopes (https://www.skao.int/en/explore/telescopes/ska-mid)fNext Generation Very
Large Array (https://ngvla.nrao.edu/)

Table 1.
Technical characteristics of some representative radio telescopes currently in operation or in the design/construction
phase. For arrays of antennas, the properties of the individual antenna are shown.
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fabrication of the surfaces themselves, such as hydroforming. Most of the design
efforts were instead concentrated in the development of active surfaces and metrology
systems, improved optical designs, and the use of novel instruments at the focal plane
of the telescope, such as focal plane arrays and phased array feeds. Thus, most of the
technological innovations have gone in the front-end and back-end development and
have resulted in improved frequency coverage, FOV, instantaneous bandwidth, and
system temperature.

We may note that while optical telescopes have indeed been characterized by the
use of a novel technology to design and build the primary reflector, specifically, the
International Liquid Mirror Telescope (ILMT1), to our knowledge the only novel and
funded concept for a radio to submm telescope design has been the Large Balloon
Reflector (LBR2), where the main reflector of the telescope is a metallized hemisphere
of a smaller spherical balloon, 5 to 20 m in diameter, inflated inside the much larger
(100 m) carrier stratospheric balloon. Although the LBR represents a game-changing
approach to realizing large aperture telescopes at THz frequencies, this project was
specifically designed as a balloon-borne telescope and cannot be easily adapted to
build ground-based telescopes.

Even national, or international consortia borne to foster the development of radio
astronomy, such as RadioNet3 in the past, and more recently Radioblocks4 that has
been specifically proposed and funded to develop next-generation technologies for
radio astronomy infrastructures, will mainly focus on the development of new front-
ends and back-ends, but not on antenna technology. Given that the cost of large
instruments for radio astronomy is largely dominated by the antennas, both during
the design/construction phase and later in terms of maintenance costs [2], this leaves
the most impacting component in the design and fabrication of a radio telescope
without an adequately sustained technology R&D program. Since the current trend in
the development of large-scale international radio telescope projects is to explicitly
include cost in the design process, it becomes extremely important to explore the
parameters space based on the use of new technologies for the design and fabrication
of the antennas.

3. Recent and emerging technologies

During the last 10–20 years, great efforts have been carried out in the radar and
communications industry to control and manipulate the phase (and, in some cases,
also the amplitude) of the incident and reflected, or transmitted, waves. The use of
these phase controlling devices is likely to continue to expand in the near future, also
for photonics applications. At the basis of this technological development lies the
concept of the metamaterials, which are three-dimensional (3D), often periodic, arti-
ficial materials composed of metals and/or dielectrics, with the ability to modify
waves beyond the capabilities of naturally occurring or homogeneous materials (e.g.,
the review in [3]). Their exceptional ability to manipulate waves is due to their
interaction with electric and/or magnetic fields, which can be controlled by the

1
http://www.ilmt.ulg.ac.be/ilmt

2

https://www.nasa.gov/content/10-meter-sub-orbital-large-balloon-reflector-lbr-1/
3

https://www.radionet-org.eu/radionet/
4

https://www.jive.eu/radioblocks-eu-next-generation-technologies-radioastronomy
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geometry of the individual artificial scatterers, and leads to a wide range of applica-
tions such as antenna performance enhancement, perfect absorbers, superlenses, in a
variety of wavebands from the microwave to the optical range.

Metasurfaces are two-dimensional (2D) or planar versions of metamaterials with
subwavelength thickness, and consist of thin artificial layers with periodic arrange-
ments of small inclusions in a dielectric host medium. They are characterized by light
weight and ease of manufacturing, and by engineering the metasurface with different
properties to achieve specific functions, numerous applications are exploited in elec-
tromagnetics ranging from microwave to terahertz (THz) frequencies and even to
optical frequencies, for example, sensors, lenses, absorbers, and reflectarrays. Differ-
ent functions in these applications are achieved by different unit cell geometries with
required reflection or transmission properties. Depending on the specific design and
application, and the size of the unit cells, metasurfaces are also sometimes known as
phase-shifting surfaces (PSS, [4]), frequency-selective surfaces (FSS), intelligent
reflecting surfaces (IRS), or Huyghens’ surfaces [5]. All applications of metasurfaces
mentioned above have intrinsic fundamental limitations including narrow bandwidth,
linear response, fixed functionality, etc., that will be discussed later. However, recent
studies on active and nonlinear metasurfaces have enabled the design, fabrication, and
test of metasurfaces with nonlinearity, power dependency, tenability, and switching
abilities. This has been achieved by applying active electronics like transistors, diodes,
and varactors to traditional passive structures.

Metasurface applications of interest to radio astronomy are mainly those related to
wavefront engineering such as beam shaping, including focusing, defocusing, reflec-
tion, and refraction [5]. This class of metasurfaces is most commonly known as
reflectarrays and transmitarrays (see Figure 2). A reflectarray is a flat, planar, com-
pact structure, typically illuminated by a feed, consisting of an array of isolated
radiating elements that are predesigned with a particular phase delay to re-radiate and
scatter the incident field to form a desired wavefront. The individual resonant unitary
elements are called unit cells and are predesigned with a particular phase delay to
scatter the incident field to form the desired wavefront in front of the aperture. Thus,
although they are physically flat, reflectarrays behave electrically as a curved reflector.
Reflectarrays are manufactured by photo-etching and bonding processes, which are a
well-established technology in multi-layer printed circuit boards.

A transmitarray (or array lens antenna) is also composed of an array of multiple
discrete elements used as a transmitting device. The name is inspired by the
reflectarray, but the device is used as a transmitting surface rather than a reflective
one. When made out of printed metallic elements, both the reflectarray and the
transmitarray are physically flat. Just as a reflectarray can emulate a conventional
reflector, a transmitarray can emulate a conventional lens. However, a single layer is
generally not enough to realize the needed range of phase shift, and thus, many layers
need to be used in cascade. Although the transmitarray does not allow for achieving an
optimum thickness reduction, it can be significantly thinner than a standard dielectric
lens. Since in reflectarrays the feeding source is on the same side of the radiated field,
for similar applications transmitarrays are generally preferred to reflectarrays in all
those cases where feed blockage may seriously affect the final performance of the
device.

Therefore, reflectarrays and transmitarrays combine the advantages of reflector
antennas (or lenses) and phased arrays, and they can replace the traditional solid
optical elements, such as parabolic/hyperbolic reflectors and lenses, with easy to
handle, low profile, and lightweight planar structures. In addition, since they employ

113

Prospective Applications of Microwave Reflectarray Antennas to the Design and Fabrication…
DOI: http://dx.doi.org/10.5772/intechopen.1002067



spatial feeding instead of using traditional feed networks, they enable a significant
reduction in system complexity and cost, particularly when there is a need to use a
large number of unit cells. There are, however, a number of aspects that are specific to
metasurfaces in general, such as the need to use low-loss, but low-cost, substrate
materials, and the requirement to work and survive a wide range of weather condi-
tions, which may require appropriate environmental protection.

Figure 2.
Generic model of a transmitarray (top panel) and a reflectarray antenna (bottom panel). {ϕ1, ϕ2, ...., ϕn}
indicate the phase delays applied to the incident wavefront by each unit cell to scatter the incident field and form
the desired wavefront.
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The initial design of reflectarrays and transmitarrays was characterized by a fixed-
beam (also known as a passive type). In a fixed-beam array, the beam forming is
implemented by properly adjusting the dimensions at each unit cell and cannot be
modified. Later, arrays were also developed where the beam could be dynamically
reconfigured or scanned by introducing controllable mechanisms at the element level,
in order to change the phase-shift and to reconfigure the beam. These are also known
as reconfigurable (or active) reflectarrays and transmitarrays, and they are of partic-
ular interest for radio astronomical applications since pointing and tracking can in
principle be performed electronically, with no or few moving mechanical parts. On
the other hand, reconfigurability is achieved at the cost of increased complexity of
analysis, synthesis, phase-shifter design and technology, calibration, control, and
testing [6, 7].

4. Potential applications to radio telescopes

As mentioned earlier, the main issue that we would like to address in this work is
weather the novel technologies described in the previous section are sufficiently
mature for applications to radio telescopes. However, we will see that there is not a
unique answer to this question, since this depends on a wide range of constraints
including (but not limited to) the frequency range, size of the antenna(s), and the
specific scientific application. Therefore, our discussion will be limited to some more
general aspects of these novel technologies that are likely to affect their application to
radio telescopes in the near future, such as:

• maximum size of the collecting area;

• multi-band applications and bandwidth limitations;

• beam-steering capabilities and limitations;

• applications as single- or dual-reflector antennas.

Our discussion will also be limited to the microwave and millimeter wave range. In
fact, while reflectarray techniques developed for the microwave range can be in
general extended also to higher frequencies, several factors emerge that complicate
the antenna design, which are often related to material properties and also to cost.

4.1 Collecting area

While certain scientific applications may require telescope designs optimized for
specific parameters (e.g., FOV, system temperature), large collecting areas are still
desirable for single-dish telescopes that have a wide range of scientific goals. Even for
telescope arrays, the size of the individual antenna is a fundamental parameter in the
critical trade-off between performance and cost. Therefore, it is important to address
the question of how large reflectarrays and transmitarrays can be fabricated. Given
that the unit cell has typically a size ≈0:5λ, the number of elements grows quickly
with the electrical diameter, D=λ, of the antenna. One of the largest planar reflectarray
antennas ever fabricated is a 3-m Ka-band inflatable reflectarray developed at NASA
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for space applications, which is composed of approximately 2� 105 elements. A 3-m
dual-band Cassegrain reflectarray (X/Ka-band) with a reflectarray main reflector was
demonstrated in Ref. [8]. This reflectarray was composed of 19,000 and 275,000
elements at X-band (8.4 GHz) and Ka-band (32 GHz), respectively.

While even larger reflectarray could certainly be built, it is currently impractical to
fabricate antennas for the microwave range with a collecting area of 10s or 100 s of
square meters with a single reflectarray (and even less a transmitarray, see Section
4.6). Besides to complications with the technologies used for the fabrication of the
reflectarrays, an important limitation to the design of large reflectarrays is the need to
compensate for the differential spatial phase delay, which increases with the size of
the aperture and also contributes to limiting the bandwidth (see Section 4.3). Another
factor that may severely affect the maximum size of a single reflectarray antenna is
whether it is designed to have beam-steering capabilities.

In general, a reflectarray antenna mimics the optical behavior of a parabolic
reflector, with the advantage of having a flat surface instead of a curved reflecting
surface. However, in order to build large reflectarrays it may be necessary to use
radiating elements distributed on a curved surface (also known as conformal
reflectarrays), or also using multi-facet, or piecewise, configurations that approximate
the shape of a parabolic surface using flat reflectarray panels. Both design options
introduce a geometric compensation to the feed-element paths delays. In these cases,
however, one of the greatest advantages of standard reflectarrays, their flat structure
and ease of manufacturing, must be abandoned, at least partially. The added com-
plexity of the design, fabrication process, and mechanical structure must be weighed
against the increased collecting area and performance of the reflectarray. Therefore,
we may safely assume that the application of reflectarrays and transmitarrays to radio
telescopes will be limited, in the near future, to relatively small apertures (with an
area ≲10 m 2 in the microwave range), that will be operated as individual antennas of
an array, as part of a larger multi-facet antenna or also as secondary reflector in a dual-
reflector configuration, as discussed in Section 4.5.

4.2 Beam-scanning capabilities of reflectarray antennas

Pointing and tracking with radio telescopes in the microwave range is achieved by
a fully-steerable mechanical structure (or by the movement of the subreflector alone
for small angular ranges, up to a few beams), the use of phased array feeds (PAF), or
also a combination of both. In fact, this might be the case for the SKA1-Mid antennas,
which have been designed to incorporate PAF receivers in the future. The choice
between these options is usually driven by factors relating to the mapping speed,
FOV, and cost. The electronically scanned PAFs rely on phase shifter technology and
although several such receivers have been developed during the last � 10 years, their
main drawbacks still remain the hardware complexity, their broadband sensitivity,
and high cost, which may significantly affect their prospect to be built in large
numbers for arrays of antennas.

As discussed above, reflectarrays combine key features of standard reflectors and
phased array elements to generate a collimated beam as required in high gain anten-
nas, including radio telescopes operating at frequencies higher than a few 100 s MHz.
In addition to the various advantages of reflectarrays over standard reflectors for
fixed-beam applications, the reflectarray antenna can also establish a new paradigm
for beam-scanning applications. The beam of a reflectarray antenna can be scanned by

116

Microwave Technologies – Recent Advances and New Trends and Applications



means of the reflector nature or the array nature of the antenna. In the first approach
(also called feed-tuning technique), passive reflectarrays are used and it is the feed
phase center, which is mechanically moved along a specified path, thus achieving a
corresponding angular shift of the beam on the sky, as with a standard reflector. In the
second approach (also known as aperture phase-tuning technique), the individual
elements on the reflectarray aperture are equipped with a phase-tuning mechanism in
order to change the phase-shift and to reconfigure the beam, thus utilizing the array
nature of the reflectarray antenna [7, 9]. Clearly, it is also possible to utilize both
approaches in a single design to improve scan performance or reduce system cost.
Reflectarrays can be fabricated as the subreflector, main reflector, or both in dual-
reflector configurations. The choice of single- or dual-reflector configuration is fun-
damental in determining the beam-scanning performance of the antenna, and it is
even more important for the feed-tuning technique since the reflectarray has no
phase-tuning capability in this configuration.

Many examples of beam-scanning passive reflectarrays utilizing the feed-tuning
technique can be found in the literature (see the review in [9]), with both parabolic
and non-parabolic phase distributions over the array, but most of them can achieve a
scanning range of a few or several beams. Thus, while this technique has the advan-
tage of the ease of fabrication for the passive reflectarrays, it may not be the optimum
choice for radio astronomical applications, unless other beam-steering techniques are
also used to increase the FOV. For applications where wide-angle scan coverage is
required, including radio telescopes, the aperture phase-tuning approach that utilizes
the array nature of the reflectarray antenna is the more promising choice. However,
while in passive reflectarray configurations the reflection phase for each element is a
fixed quantity, for reconfigurable reflectarrays a tunable phase-shifting mechanism
must be incorporated into the individual elements, as already mentioned. Different
approaches are available for tuning the phase of reflectarray elements, and each
enabling technology has different advantages and limitations, but they all share an
increased level of complexity and cost.

The aperture phase-tuning technology is still in its development stage, and many
advanced design concepts are only recently being explored. However, its continuous
development and diversified applications are likely to lead in the near future to
systems that will be able to replace the standard techniques for beam-steering in radio
astronomy. Scan performance could also be improved by combining different scan-
ning methodologies, such as multi-facet configurations [10], spherical-phase
reflectarray antennas (SPRA, [11]), and the use of dual-reflector configurations with a
sub-reflectarray and a spherical primary [12].

The scan capabilities of active reflectarrays are also closely related to their band-
width performance (see Section 4.3). In fact, the development of new strategies able
to improve the bandwidth of active unit cells is an ongoing challenge in the
reflectarray antenna design, since most existing active configurations are character-
ized by only a few percent bandwidths. A review of the bandwidth performance of
reconfigurable reflectarrays can be found in Ref. [13].

4.3 Reflectarray bandwidth limitations

Modern radio telescopes are required to operate in a wide range of frequencies,
often covering more than an order of magnitude. In addition, state-of-the-art radio
astronomical receivers can cover a large instantaneous fractional bandwidth, typically
� 30 % or higher. As described in the previous sections, reflectarrays mimic the
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standard reflector antennas, but there is an inherent fundamental difference between
the two regarding their bandwidths. A reflector antenna is essentially frequency-
independent; that is, it has an infinite bandwidth, which is instead limited by the feed
and the receiver. On the other hand, reflectarrays suffer from bandwidth limitations
due to the intrinsic narrow-band of microstrip radiators and also the differential
spatial phase delays from the feed to the reflecting elements. The second effect is
dominant for reflectarrays with large aperture sizes D and small focal distances f from
the feed (see Figure 3), resulting in f=D ≲1. On the other hand, in the case of
reflectarrays with f=D ≳1, the dominant factor limiting the reflectarray bandwidth is
the unit cell operating band [13].

Both factors introduce phase errors as a function of frequency, which limit the
bandwidth of reflectarray antennas. Many solutions have been presented in the liter-
ature to enhance the operating band of passive reflectarrays, and improved band-
widths up to ≈20 % have been demonstrated in several designs. However, improving
the bandwidth of active unit cells is still an ongoing challenge in the reflectarray
antenna design. In fact, most existing active configurations are characterized by few
percent bandwidths [13–15].

Regardless of the choice of the unit cells used for the design, the overall bandwidth
will still be limited by the flat nature of the reflectarray aperture. This limiting factor,
due to the differential spatial phase delay, can be explained by referring to Figure 3,
where for simplicity we consider the case of a broadside pencil-beam reflectarray,
consisting of an axial-fed reflectarray designed to have a focal distance f . The
reflectarray elements are supposed to be in the far-field region of the feed, and thus,
we can assume that a spherical wave is incident on the reflectarray aperture. For this
simple case, the reflectarray must be designed to convert the incident spherical
wavefront into a reflected plane wave propagating on-axis. This can be achieved by
considering the quantity ΔR x, yð Þ representing the path length difference between the

Figure 3.
Reflectarray geometry and the differential spatial phase delay. ΔR x, yð Þ represents the path length difference
between the nominal focal length, f , and the distance from the feed to each element of the reflectarray at
position x, yð Þ.
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required focal length and the distance from the feed to each element of the
reflectarray at position x, yð Þ. This path length difference generates a frequency-
dependent phase difference, or differential spatial phase delay, given by:

ϕ x, y, ν∘ð Þ ¼ 2π
c
ν∘ΔR x, yð Þ (1)

For the reflectarray design, the phase shift must be adjusted in each element to
compensate for the phases given by ϕ x, y, νð Þ. In receiving mode, a plane wave inci-
dent on the reflectarray along the boresight direction will be focused on the feed, thus
mimicking the response of a paraboloidal antenna. The reflectarray elements are
usually selected to satisfy the required phase at the design frequency ν∘ As the
frequency changes, the phase delays in the array will change, and the phase response
of the unit cell will also change. These two phase variations do not generally match
with each other, thus introducing phase errors that will result in pattern deterioration
and as a consequence bandwidth limitations of the system.

For beam-scanning applications, the differential spatial phase delay combines the
spatial delay from the feed to different elements on the surface (thus increasing with
the size of the reflectarray), and the variation of this differential delay due to the
incident radiation coming from different angles (thus increasing with the required
angular scanning range). The effect on the bandwidth of the compensation mecha-
nism for different phase delays is thus dominant in the case of large reflectarrays and/
or wide beam scanning ranges. Therefore, the development of techniques able to
exactly compensate the differential phase delay in a large frequency range would be
required for radio astronomical applications [16]. An interesting technique that can in
principle achieve beam-steering and increase the instantaneous bandwidth is the use
of reflectarrays with orbital angular momentum (OAM)-based structures [17].

4.4 Multi-band operations

Besides wide instantaneous bandwidths, radio telescopes must generally provide
the coverage of two or more widely separated frequency bands. Multi-band operation
of reflectarray antennas can be implemented by the assembly of several sub-arrays,
each operating in a different waveband. These configurations can be generally
achieved using two or more stacked layers, with the drawback of an increased cost and
complexity [15]. However, single-layer multi-band reflectarrays are more easily
manufactured, have a much lower cost, and do not face problems associated with the
precise layer alignment. The specific technique to achieve multi-band performance
depends on the number of frequency bands and their frequency ratios. Several multi-
band reflectarray prototypes, without beam scanning capabilities, have been realized,
combining up to six different frequency bands, mostly in the range from C-band to
Ka-band [18]. Current research in this specific area is focusing on designing unit cells
that minimize the mutual coupling effects between the elements at all frequency
bands.

In addition to reducing these coupling effects, radio astronomical applications would
ideally require reflectarray unit cells that are designed to simultaneously implement the
beam-scanning function (i.e., reconfigurability) with multi-band capabilities. A first
proof-of-concept of a multi-band beam-steering reflectarray is reported in Ref. [19],
which describes a dual-band cell in K and Ka bands. Another example of a reflectarray
cell combining reflection phase tunability (i.e., beam-steering) with frequency
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reconfigurability is described in Ref. [20]. In this specific case, frequency
reconfiguration did not increase the instantaneous bandwidth of the reflectarray, and
thus, such a system is useful for narrow to moderate bandwidth applications whose
operating band changes over a much wider frequency range.

Ideally, for radio astronomical applications reflectarray cells should be properly
designed to have acceptable instantaneous bandwidths and simultaneously implement
the beam-scanning function with multi-band operation. The proposed concepts found
in the literature are specifically designed for applications in radar and communica-
tions systems, while no design exists yet for applications with radio telescopes. The
trade-offs and optimization required may also depend on the specific telescope con-
figuration and scientific goals. The parameters space is so wide and complex that the
specific reflectarray design cannot be conducted via analytical methods; thus, evolu-
tionary optimization algorithms, or other similar optimization techniques, are likely to
be required (see, e.g., [21]). A summary of the main features of reflectarrays (and
transmitarrays) is shown in Table 2.

4.5 Optical configurations for radio telescopes employing reflectarrays

4.5.1 Single- and dual-reflector configurations

In the literature, it is possible to find several papers showing that the main, the
secondary, or both reflectors in a dual-reflector configuration can be effectively
replaced by reflectarrays. Various dual-reflector antennas with a reflectarray as the
subreflector (or sub-reflectarray) have been proposed in the literature [24–26]. In this
technique, a reflectarray acts as a flat subreflector and by properly adjusting the phase
shifts of the unit cells, they can mimic an ellipsoidal- or hyperboloidal-type
subreflector for a dual reflector system, or also perform actively phase compensation.
If also the main reflector is replaced by a flat reflectarray, a dual-reflectarray antenna
is obtained [27–29]. This configuration provides phase control on both surfaces, which
can be used for different purposes such as amplitude and phase synthesis.

In the Cassegrain dual-reflector antenna employing a flat reflectarray subreflector,
as analyzed for example in Ref. [24], the antenna beam can be scanned by introducing
an appropriate progressive phase distribution across the reflectarray surface. This
configuration is attractive for radio telescopes, because it combines the high gain and
broad bandwidth properties of the parabolic main reflector with the simplicity of
manufacturing a relatively small electronically reconfigurable sub-reflectarray.

Device type Mode of
operation

Frequencies
(GHz)

Fractional
bandwidth (%)

Number of
elements

References

Reflectarray Fixed beam � 5� 300 ≲20 � 10s� 105 [7, 15]

Reflectarray Reconfigurablea � 5� 60 ≲7 � 10s� 104 [7, 13, 15]

Reflectarray Multi-band � 6� 180 ≲6 � 10s� 104 [15, 18]

Transmitarray Passive/Active � 5� 60 ≲30 � 10s� 103 [22, 23]

aThe beam-scanning range is currently limited to ≲10 beamwidths with either the feed-tuning or aperture phase-tuning
techniques.

Table 2.
Key features of microwave reflectarrays and transmitarrays as reported in the literature.

120

Microwave Technologies – Recent Advances and New Trends and Applications



The achievable angular range with this configuration can be increased by using a more
elaborate phase-synthesis technique to obtain the phase distribution required on the
sub-reflectarray for each beam pointing [30] (see also the review in Ref. [27]). How-
ever, the ultimate scanning range that can be achieved by electronically reconfiguring
the sub-reflectarray may not be sufficient for most radio astronomical applications
and thus, the antenna would still need a fully steerable mechanical support. The use of
a dual-reflectarray antenna, with planar reflectarrays of which only one or both can be
reconfigurable, can add additional features to the antenna system. The only dual-
reflectarray antennas that can be found in the literature were designed for satellite
communications systems, and thus, a preliminary study for radio astronomical appli-
cations had not been done until very recently (see Section 4.5.2) [31].

All of these systems use the conventional reflectarray antenna design, which is
based on the phase compensation of a comparable parabolic reflector antenna (thus,
they are also known as parabolic-phase planar reflectarrays), for the main reflector, or
of a hyperbolic (ellipsoidal) surface for the subreflector in an equivalent dual-reflector
Cassegrain (Gregorian) configuration. These antennas are normally designed for a
fully illuminated aperture, leading to high aperture efficiency, but also a limited scan
coverage, as we previously mentioned. On the other hand, wide-angle scan coverage
with reflector antennas can be achieved by using non-parabolic reflector configura-
tions such as SPRAs, where different portions of the reflector surface are illuminated
to collimate the beam in different directions [11, 32]. In this configuration, in order to
minimize the adverse effects of the spherical aberration only a small portion of the
aperture is illuminated for each pointing position, and thus, the total aperture size will
depend on the required scan range. This configuration is attractive for radio astro-
nomical applications, also compared to the use of a fixed real spherical surface with a
sub-reflectarray (discussed below), because it only needs planar reflectarrays. How-
ever, a detailed comparison should take into consideration also the required frequency
range and corresponding bandwidths.

In Section 4.1, we mentioned that multi-facet, or piecewise, configurations intro-
duce a geometric compensation to the feed-elements path delays that allow larger
reflectarrays to be designed and in turn can also increase their bandwidth perfor-
mance. An interesting design of this type is that discussed in Ref. [14] where the
authors show that by using a reflectarray with a central rectangular panel and corner
trapezoidal panels arranged in a concave shape, it is possible to remove the phase error
caused by incident wave variation. The other benefit of their design is a significant
increase of the system bandwidth.

4.5.2 Applications to radio telescopes

In Ref. [31], the author analyzed some of the optical configurations incorporating
the reflectarray technology described in the previous sections. The purpose of that
work was to determine which optical configuration is best suited to exploit the beam-
scanning capabilities of these devices, and also discuss the possibility of eliminating
the need for any mechanical pointing/tracking system. In this preliminary work, the
actual reflectarray networks were not simulated, and only EM simulations of standard
antennas were used to evaluate the phase distributions that would be required by ideal
reflectarrays.

Both single- and dual-reflector configurations were simulated by the author. Spe-
cifically, it was shown that a single-reflector telescope, with a large focal ratio (> 1
and especially > > 1) and composed by many individual reflectarrays arranged in a
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piecewise configuration (see Figure 4), similar to that described in Ref. [14], would
indeed be able to extend the angular scanning range of the telescope with minimum
mechanical movement of the feed support system. If the piecewise configuration is
realized in one axis only (e.g., to cover the required elevation range), then the only
mechanical movement required would be in azimuth, which is less demanding in
terms of engineering requirements. Even if some partial mechanical movement may
still be necessary, these solutions would still benefit from the low-profile, low-mass,
and low-cost features of the reflectarray technology.

A few simulations with a dual-reflectarray configuration were also carried out in
Ref. [31], and the results suggested that the telescope would indeed be able to point

Figure 4.
Example of a reflectarray piecewise configuration using hexagonal panels, each one reproducing the phase
distribution of a parabolic reflector with f=D ¼ 5. Also shown is the feed at the focus of the antennas, oriented to
illuminate the tilted reflectarray panel. The hexagonal profile has been selected because it allows an easy expansion
of the total collecting area.
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and track a target within a small angular field (≲10 beams). On the other hand, a large
scanning range for astronomical applications would still require the mechanical
movement of the antenna. The advantages of the dual-reflectarray configuration are
the compact mechanical structure, as in the classical Cassegrain (or Gregorian) optical
configuration, and also the fact that the sub-reflectarray would be composed by a
much smaller number of individual phase-changing elements, compared to the larger
area of the primary surface. However, the work discussed in Ref. [31] is far from being
exhaustive since other promising configurations, such as a dual-reflectarray configu-
ration with a multi-facet primary reflectarray, or alternatively using a non-parabolic
illumination, were not considered.

Based on the fewmodels that were simulated in Ref. [31] the author concluded that
the most promising solution, providing the largest angular range with minimum
mechanical complexity, would be a spherical primary reflector with either a single
moving sub-reflectarray/feed support or a system composed by multiple sub-
reflectarrays/feeds that would only require an azimuthal movement. In the latter
configuration, only the feed needs to be moved, contrary to the antenna azimuthal
movement previously mentioned. This solution is therefore well suited for antennas
with very large collecting areas, up to several 1000s and 10,000 s square meters (see
also [33]). As it was discussed above, SPRAs are another competitive design to achieve
a large angular scanning range.

4.6 Transmitarray antennas

As previously mentioned, transmitarrays can modify the original radiation pattern
of a directional antenna source, for example, a horn antenna, after transmission
through the array (see Figure 2). A transmitarray thus acts like a lens, allowing to
pass-through the incident wave while modifying its direction of propagation. The
direction to which the incident wave is being re-radiated depends on the design of the
structure. These structures are composed of several resonant unitary elements with a
spatial periodicity forming a planar array, in a way very similar to reflectarrays. The
fundamental difference between a transmitarray and reflectarray is that in the former
both magnitude and phase control of the element are required. In fact, while in a
reflectarray all power is re-radiated, independent of the frequency or cell design (and
thus only phase control of the unit cell is required), and in transmitarrays the magni-
tude of the transmission coefficient needs to be close to 1, to ensure a high efficiency
over the entire operational bandwidth(s). In fact, if the unit cells are not adapted to
the frequency of operation the incident, EM wave will be totally reflected back,
resulting in no transmission through the structure. Therefore, a transmitarray is
desirable to be as transparent as possible, introducing very low loss so the EM field of
the propagating wave is not severely attenuated [22].

The challenges for designing electronically reconfigurable beam-forming
transmitarrays are similar to those described earlier for reflectarrays. However, the
designs currently found in the literature may be appropriate only for small
transmitarrays (from a few 10s up to several 100 s elements) or applications where
only a small scanning range is required. Thus, they look less promising for radio
astronomical applications than reflectarrays, except maybe for those specific applica-
tions where feed blockage is not desirable, such as possibly in multi-feed, multi-beam
applications [34]. A review of the characteristics of various beam-steering high gain
reconfigurable transmitarrays and their bandwidths can be found in Ref. [23]. An
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interesting example is a 200-mm-diameter refractive telescope composed of
metamaterial Gradient Index (GrIn) lenses based on photolithographic meshes, which
has been developed for space applications at sub-THz frequencies [35]. This prototype
has a wide FOV (�10o) and can operate at frequencies between 55 and 183 GHz. The
drawback of this specific device was the low optical efficiency and the inadequacy of
the design to build a much larger diameter telescope composed solely of
metamaterials. However, this result is of scientific interest for its potential
applications as an individual optical component of a telescope with a much larger
collecting area.

5. Conclusions

The size, cost, and complexity of radio telescopes and their auxiliary instrumenta-
tion have grown enormously in the recent decades. Most of the newest design and
fabrication methods applied in radio astronomy were originally developed for indus-
try, and some technologies used today in the best radio telescopes date back to 20–
30 years ago. In particular, the methods and technologies used in the design and
manufacture of the reflecting surfaces of radio telescopes have remained almost
unchanged during all this time. A fundamental question for the future of radio
astronomy is therefore whether the antenna technologies currently under develop-
ment could reduce the cost of the collecting area and almost completely eliminate
complex mechanical support and moving structures. In this work, we have analyzed
some emerging technologies, developed mainly for remote sensing and satellite com-
munications, which could lead to a paradigm shift in the design and manufacture of
antennas for radio astronomy.

One of the most promising new technologies is reflectarrays. The reflectarray
concept is not new, but the rapid development of microstrip antenna technology,
coupled with the need for low-cost and high-gain antennas for commercial applica-
tions, has led to the use of microstrip elements in a variety of reflectarray configura-
tions. Microstrip reflectarrays combine the performance versatility of antenna arrays
with the simplicity of reflectors. They are low-profile, low-mass, inexpensive, easy-to-
build, passive devices with phase controlling capability. By properly adjusting the
reflection phase of each sub-reflectarray element, a uniform phase distribution is
achieved at the reflector aperture. The use of microstrip reflectarrays is currently
largely diffused in many application fields, such as remote sensing and satellite
communications. With new emerging applications, advanced features are being
continuously developed in terms of broadband, multi-band, dual-polarization, and
beam-scanning capabilities.

Radio astronomy has so far seen no application of reflectarrays. Besides to the
relative newness of this technology, the lack of applications of reflectarrays to the
design of radio telescopes is undoubtedly due to the specific requirements in this field,
which usually includes large collecting areas (compared to applications in remote
sensing and satellite communications), multi-band and broadband operations, and
fully-steerable antennas. In this work, we have seen that reflectarrays can be success-
fully used from microwave to millimeter wave frequencies, and they also offer the
possibility to perform the pointing and tracking operations electronically, which is of
great interest for radio astronomical applications. However, we have also shown that
their current limitations in terms of maximum size, bandwidth, and beam-scanning
range may restrict their application to the design of radio telescopes.
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The examples described in this chapter demonstrate the results that can be
obtained from microstrip reflectarrays, even with their current limitations. Given the
great variety of radio astronomical projects, and the telescopes designed for specific
applications, it is not possible to give a unique recipe for the use of reflectarrays in the
design of radio telescopes. However, it would be desirable that for any future project
careful engineering studies will be carried out in order to determine which design and
fabrication methods, with or without reflectarrays, represent the optimum trade-off
given the required scientific goals, telescope performance matrix, and of course the
projected final cost.

Abbreviations

ALMA Atacama large millimeter array
AtLAST Atacama large aperture submillimeter telescope
CCAT Cerro Chajnantor Atacama telescope
EM electromagnetic
FOV field of view
FSS frequency-selective surfaces
FYST Fred young submillimeter telescope
GBT green bank telescope
GrIn gradient index
ILMT international liquid mirror telescope
IRS intelligent reflecting surfaces
LBR large balloon reflector
LMT large millimeter telescope
ngVLA new generation very large array
OAM orbital angular momentum
PAF phased array feed
PSS phase-shifting surfaces
SKA square kilometer array
SPRA spherical-phase reflectarray antenna
SPT south pole telescope
SRT Sardinia radio telescope
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Abstract

There have been many types of filters for various communication implications 
such as surface acoustic wave (SAW) filters, bulk wave (BAW) filters, transmission 
line filters, cavity filters, substrate integrated waveguide (SIW) filters, etc. As the 
radio frequency (RF) front end continues to develop, bandpass filters (BPFs) with 
excellent frequency response and tunability are becoming more and more competi-
tive. In this chapter, three different types are reported, including On-chip-based 
TBPF, microstrip-based TBPF, and SIW-based TBPF, and some of them are theo-
retically analyzed carefully. Filters with frequency tuning, bandwidth tuning, and 
transmission zeros tuning are shown comprehensively. In addition, the limitations 
and future trends of tunable microwave filters are objectively expounded.

Keywords: tunable bandpass filter, microstrip filter, on-chip-based filter, SIW filter, 
microwave filter, radio-frequency front-end

1. Introduction

In recent years, to adapt to the technical requirements of wireless communication, 
the RF front-end is developing towards multi-band, tunable, miniaturized, low-cost 
etc. As a key frequency-selective component in the RF front-end, tunable filters 
increase the range of frequency and reduce the complexity in multi-band communi-
cation systems. The performance of a bandpass filter has attracted more attention. 
Electronically tuned bandpass filters are the most promising frequency selection 
scheme for tunable RF front end. Filters with different structure are introduced in 
the order of frequency tuning, frequency and bandwidth tuning, transmission zero 
tuning, and band pass filter with special function. This chapter introduces chip TBPF, 
micro-strip line TBPF, and substrate-integrated waveguide TBPF based on the form 
of tunable bandpass filters.

2. On-Chip-based TBPF

For microwave frequencies, a varactor-tuned LC filter is a popular choice in tun-
able BPF circuit designs, though its limited capacitance tuning range is still a problem.
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In 2016, a 5/60 GHz CMOS receiver with a transformer-coupled Q-enhanced 
tunable channel-select active filter was proposed in [1]. The partial diagram of the 
circuit for the 5 GHz receiver path is shown in Figure 1. Two varactors, Ct1 and Ct2 
(VT control), tune frequencies from 5.15 to 5.65 GHz. The Q factor is compensated 
by tuning the tail current (Vq1 control) to get a good frequency response. By adjust-
ing the frequency and the Q value at the same time, the filter maintains a good 
frequency response in different operating frequencies. In 2017, a similar receiver 
architecture using a negative resistance to enhance Q achieved a wider tuning 
range [2].

In [3], a passive LC filter is demonstrated, which consists of a 3rd-order pi-section 
structure to meet the out-of-band attenuation requirement. The filter provides a 
300–882 MHz operating frequency range using metal-insulator-metal (MIM) capaci-
tors and NMOS switches. In [4], a 0.8/2.4 GHz tunable active-RC BPF is reported. 
An elliptic filter structure is adopted to realize a large out-of-band rejection. An 
operational amplifier (OPAMP) offers enough gain to maintain a high Q factor. The 
tunability of this BPF is achieved by resistor and capacitor banks.

Nicolo Testi et al. have fabricated a 4th-order tunable Q-enhanced BPF [5]. 
Figure 2 shows the complete structure of the 4th-order BPF and each stage. As 
shown in Figure 2(b), an array of differential pairs on the left is used to provide 
an overall gain in the 72 dB range. The switched capacitor array on the right is 
used to tune the center frequency. In addition, the negative resistance network (a 
cross-coupled pair M6, M7) compensates for the loss of the LC tank during fre-
quency tuning. The filter covers a frequency response from 2.35 to 2.48GHz and the 
frequency step is 0.4 MHz.

An N-path structure is equivalent to a series LC coupling network is proposed in 
[6]. As is shown in Figure 3, quarter-wave T-lines are added on either side to trans-
form a shunt LC into a series LC. This structure completes the N-path equivalence 
theory. Moreover, T-lines also eliminate the influence between each stage of an N-path 
filter. Figure 4 shows the diagram of the proposed 6th-order filter. The quarter-wave 
T-lines are realized by lumped capacitor-inductor-capacitor T-type circuits. The 
designed filter covers the 600-850 MHz tuning range. The BPF has excellent filter 
shape and OOB rejection but increases in-band loss.

Figure 1. 
Partial diagram of the circuit for the 5GHz mode in [1].
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Figure 2. 
Schematic of (a) the 4th-order LC TBPF and (b) each of the TBPF stages of the BPF in [5].

Figure 3. 
Conversion for parallel LC and series LC to N paths.

Figure 4. 
Diagram of the designed 6th-order N-path filter in [6].
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3. Microstrip-based TBPF

On-chip filter has the advantage of a small area and easy integration with the 
entire RF front-end, but the design flexibility is greatly reduced and limited by 
process. In addition, its performance is poor, and cost is higher. Planar BPFs, such 
as microstrip filters and substrate-integrated waveguide (SIW) filters, are a more 
popular choice due to their combination of performance, design flexibility, and ease 
of integration with other active elements.

In [7], a method that uses a transmission line, stub, and capacitor to form a basic 
resonator was proposed. An Nth-order filter can be designed by cascading multiple 
resonators. And it controls all varactors by a single bias, which simplifies the control 
circuit. In [8], a 4th-order band-pass filter was designed using two loop hairpin 
resonators and two combined resonators. This structure has a more symmetrical in-
band response. In [9], the best impedance- to length ratio of the stepped-impedance 
resonator (SIR) was demonstrated. Fabricated SIR-loaded BPF achieved the widest 
bandwidth tuning. In [10], a novel filter using comb line and split-ring resonators 
achieved a tuning range of 1.1–1.88 GHz.

One way to implement a BPF with tunable bandpass and frequency is to cascade 
two filter units with different frequency responses. In [11], a BPF with an adjustable 
pass-band edge was designed by cascading a high-pass filter (HPF) and a low-pass 
filter (LPF) directly. Figure 5 shows the layout of proposed filter. HPF is on the left 
and LPF is on the right. The passband edges are the cutoff frequency of LPF and 
HPF controlled by loaded varactors. Its tuning range is determined by capacitance of 
varactor and the electric length of the coupled line. The fabricated filter has a sharp 
roll-off and good in-band shape.

Another way to vary bandwidth is to adjust coupling, including interstage coupling 
and input-output coupling. A tunable filter based on cross-shaped multi-mode reso-
nators are shown in Figure 6 [12]. The input/output coupling circuits (J/K inverter 
cascaded with a transformer) control the resonator to operate at different mode 
frequencies. The odd mode is controlled by varactor C1 while the even mode and 

Figure 5. 
Layout and fabricated filter.
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transmission zeros are controlled by C2 and C3. The center frequency of the fabricated 
filter can be tuned from 600 to 1450 MHz. The return loss is more than 15 dB and 
insertion loss is less than 4 dB over tuning range. The Bandwidth can vary from 120 to 
950 MHz when center frequency is 1 GHz.

In ultra-wideband (UWB) system, many narrowband interference signals affect 
the information reception. Thus, a notch filter is needed to protect the system from 
unwanted interference. Notch bandpass filter that combines pre-selection and 
interference suppression is a multi-functional filter. Existing notch design schemes 
mainly include using additional notch resonators [13], embedded open stubs [14], 
and asymmetric coupled fed lines [15]. To suppress in-band interference dynamically, 
notch tunable filters are required [16–18]. Recently, reconfigurable notch BPF with 
tunable bandwidth has also been reported [19–22].

Based on a pair of parallel-coupled lines (PCLs) and a terminated cross-shaped 
resonator (TCSR), a series of wideband reconfigurable BPFs with notch control are 
designed in [19], including tunable notch frequency, tunable notch bandwidth, and 
tunable broadband bandwidth. Each part can be controlled independently, which 
greatly improves the tuning freedom of notch bandpass filters. Figure 7 illustrates 
filter A. The notch bandwidth is controlled by S1 and SF independently, and the 
notch frequency is affected by ll-H and ll-V. Figure 8 presents the filter B. Varactors 
are inserted to vary the parameters of TCSR. The BPF bandwidth can be tunable by 
the variable parameters of TCSR. Measured results present that notch frequency and 
bandwidth keep fixed when the BPF operate in different bandwidth. The bandwidth 
tuning range is 1.22–2.46 GHz.

4. SIW-based TBPF

In [23], a tunable dual-band filter is reported using half-mode substrate-integrated 
waveguide (SIW) structure. Two pairs of stubs are loaded at the open ends of the 
HMSIW structure to form the two passbands. Frequency tuning is achieved by load-
ing variable capacitors at the end of stubs. Changes in one pair of load lines have little 
effect on the other passband.

Figure 6. 
Configuration of the proposed filter.
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In [24], two 4-pole SIW filters were designed with different dual-mode resonator 
configurations. The basic SIW cavity is excited by 50 Ω microstrip line, which loaded 
coupling slots at either side of transmission lines to impedance match. An H-shaped 
slot is introduced in the proposed rectangular cavity to generate second resonant 
mode. Figure 9 shows two higher-order structures based on basic resonator. Two 
resonators are placed vertically or horizontally and coupled by a pair of U-shaped 
slots. A varactor was placed to tune frequency. The frequency tuning range of Filter A 
is 2.7–3.4 GHz, and filter B is 3.1–3.9 GHz. The IL of both of them is less than 1.5 dB.

Figure 7. 
Schematic of filter A.

Figure 8. 
Schematic of filter B.
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An eighth-mode SIW tunable filter was presented in [25]. As shown in Figure 10, 
varactor Cv1 is loaded at stubs to achieve frequency tuning. Varactor Cv2 is loaded 
between two resonant cavities to vary the electrical coupling strength, which enables 
bandwidth tuning. The frequency tuning range is 2.17–2.72 GHz and the BW tuning 
range is 140-435 MHz. In addition, the edge electrical coupling between two resona-
tors offers a transmission zero out-of-band, which enables the filter to obtain better 
out-of-band rejection.

In [26], a half-mode SIW filter with a superposed two layers PCB was demon-
strated. As shown in Figure 11, PCB2 is extended outside of PCB1 to load feed lines 
and varactors. The metal semicircular not only helps to improve the accuracy of 
frequency tuning but also reduces the filter size. Varactor Cv1 is loaded between the 
center via hole to tune frequency. Varactor Cv2 is loaded between the holes of resona-
tor to tune the bandwidth by affecting the electric coupling and magnetic coupling. 
Varactor Cv3 could provide a suitable Q factor when the frequency and bandwidth is 
tunable. The frequency turning range is 1.11–1.5 GHz and bandwidth is from 46 to 
130 MHz.

Figure 9. 
Proposed filter in (a) vertical configuration (b) horizontal configuration.

Figure 10. 
Diagram of proposed SIW TBPF.
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5. Conclusion

There is no doubt that tunable microwave filters are pushing towards more 
compact, more functions but less control components. In this process of develop-
ment, on-chip-based TBPF, microstrip-based TBPF, and SIW-based filter are seen 
as three potential ways. On-chip BPF provide the possibility of full integration of 
system-on-chips. Microstrip line TBPF demonstrates flexible filtering performances. 
SIW-based filter has less loss in the band. However, the low Q value of filters in CMOS 
and GaAs process, the dispersion of microstrip-based filter in high frequency, and the 
relatively large area of SIW-based filters are still unresolved issues. Moreover, a more 
universal accurate design process and a simpler control method are very meaningful 
to research.
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Figure 11. 
Top view and the side view of proposed filter.
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Chapter 8

Analysis of Microstrip Circuits
Using the FDTD Method in Julia
Veysel Demir

Abstract

In this chapter we present a finite-difference time-domain (FDTD) code that is
developed in Julia programming language customized for efficient electromagnetic
simulation of microstrip circuits. Julia language has become popular in recent years for
developing codes for scientific computing due to high-performance it can provide
while being a dynamically typed language that supports interactive use like MATLAB
or Python. The presented FDTD program is customized for faster simulation of
microstrip circuits with lower memory requirements by employing an efficient form
of FDTD updating equations, referred to as edge-length normalized formulation, as
well as other simplifications that would make it sufficient to analyze single layer
microstrip circuits and produce scattering parameters. We demonstrate how updating
equations for fields, sources, and absorbing boundaries are modified to accommodate
edge-length normalization, and how these equations are translated into a code in Julia.
We then conclude the chapter with a presentation of some examples of circuits
simulated with the presented code.

Keywords: finite difference time domain method, electromagnetic simulations,
microstrip circuits, Julia, scattering parameters

1. Introduction

Modern engineering practice heavily utilizes simulation software packages for the
analysis and design of systems. As such, engineers and researchers who practice in the
area of electromagnetics, and radio frequency and microwave circuit design use elec-
tromagnetic analysis and simulation software tools based on various types of numer-
ical methods that are developed based on Maxwell’s equations. Among several such
methods the finite-difference time-domain (FDTD) method [1–5], the finite element
method (FEM), and the Method of Moments (MoM) are traditionally the most com-
mon methods to solve Maxwell’s equations. Among these, arguably, the FDTDmethod
is the most popular one due to its simplicity in formulation, expandability, and
flexibility it can provide to analyze a large variety of types of problems, as well as it is
parallelizability on various types of modern computer architectures to obtain results
efficiently in terms of computation speed. In this chapter we demonstrate that one can
easily develop a small FDTD program that is customized to analyze microstip circuits
efficiently using the Julia programming language.
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Numerical methods used for the analyses of electromagnetics problems are com-
putationally demanding in terms of time and memory usage on computers if reason-
ably accurate results are sought. Improvements in computer hardware such as faster
multi-CPU and GPU systems made it possible to run analysis of large-scale electro-
magnetics problems on common desktop computers. Still a numerical analysis method
needs to be coded in a high-performance programming language to make full use of
the capabilities of the existing hardware on a computer system. Traditionally Fortran
and C/C++ have been the primary choices of programming languages for scientific
computing as they are compiled languages, which converts a code directly into a
machine code that the processor can execute very fast. Interpreted languages are
another class of programming languages that is more flexible and convenient to use by
someone who would like to develop a numerical analysis code, experiment with
various features and algorithms, and conveniently display and analyze the results of
simulations. However, these languages are significantly slower than the compiled
ones. While there are many such languages Python and MATLAB can be named as
among the popular ones for scientific computing. Julia programming language [6, 7]
has been introduced to close the gap between the speed of compiled and flexibility
of interpreted languages: Julia is dynamically typed, therefore can be used
interactively like a scripting language, while just-in-time (JIT) compilation
produces a compiled code that is claimed to run as fast as C or Fortran.
Programmers familiar with MATLAB or Fortran may find it easier to learn Julia. In
this chapter we will present an FDTD code developed in Julia; One can use this code as
a base code to develop new features over and experiment with various aspects of the
FDTD method.

2. FDTD updating equations with edge length normalization

The FDTD method is essentially simulation of electromagnetic fields in discrete
time in a discrete three-dimensional space in a time-marching loop. It is based on
Maxwell’s curl equations in differential form

∇�H ¼ ε
∂E
∂t

þ σeE, (1)

∇� E ¼ �μ
∂H
∂t

, (2)

where ε is permittivity, μ is permeability, and σe is the electric conductivity of a
medium. These vector equations can be decomposed into three scalar equations each
in Cartesian coordinates. For instance, one of these equations that can be obtained
from (1) is

εx
∂Ex

∂t
þ σexEx ¼ ∂Hz

∂y
� ∂Hy

∂z
, (3)

where εx and σex are material parameters associate with Ex. As nonmagnetic mate-
rials and substrates are used in most microstrip circuits, we can assume that the
magnetic permeability in (2) has a constant value as free space permeability μ0. As a
result, one can extract three scalar equations from (2) also, one of which is
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μ0
∂Hx

∂t
¼ ∂Ey

∂z
� ∂Ez

∂y
(4)

In FDTDmethod a three-dimensional space is represented by cuboid cells, referred
to as Yee cells, and electric and magnetic field components are defined at discrete
positions on each of these cells. These field components are also defined in discrete
time instances such that electric fields are at integer time steps (such as
0, 1, 2, … , n� 1, n, nþ 1, … ) and magnetic fields are at half-integer time steps (such
as 0:5, 1:5, 2:5, … , n� 0:5, nþ 0:5, … ), where n indicates the indices of discrete time
instants separated by a time step of Δt. The time and space derivatives in (3) and (4)
are then imposed on the discrete time and space using central difference approxima-
tions to obtain equations in discrete form and these equations are arranged such that
future field terms can be calculated using current and past field terms. For instance,
following the notations in Elsherbeni and Demir [3], one can obtain the following
equation from (3)

Enþ1
x i, j, kð Þ ¼ Cexe i, j, kð Þ � En

x i, j, kð Þ
þCexhz i, j, kð Þ � Hnþ1

2
z i, j, kð Þ �Hnþ1

2
z i, j� 1, kð Þ

� �

þCexhy i, j, kð Þ � Hnþ1
2

y i, j, kð Þ �Hnþ1
2

y i, j, k� 1ð Þ
� �

,

(5)

where

Cexe i, j, kð Þ ¼ 2εx i, j, kð Þ � Δtσex i, j, kð Þ
2εx i, j, kð Þ þ Δtσex i, j, kð Þ , (6)

Cexhz i, j, kð Þ ¼ 1
Δy

2Δt
2εx i, j, kð Þ þ Δtσex i, j, kð Þ , (7)

Cexhy i, j, kð Þ ¼ � 1
Δz

2Δt
2εx i, j, kð Þ þ Δtσex i, j, kð Þ : (8)

Similarly, one can obtain the following equation from (4)

Hnþ0:5
x i, j, kð Þ ¼ Hn�0:5

x i, j, kð Þ
þ Δt
Δzμ0

Enþ0:5
y i, j, kþ 1ð Þ � En�0:5

y ið , j, kÞ
� �

� Δt
Δyμ0

Enþ0:5
z i, jþ 1, kð Þ � En�0:5

z ið , j, kÞ� �
:

(9)

Such equations as (5) and (9) are called updating equations as they are used to
update electric and magnetic fields distributed in a three-dimensional space at each
time step of a iterative time-marching algorithm. The terms such as Cexe i, j, kð Þ,
Cexhz i, j, kð Þ, and Cexhy i, j, kð Þ are called updating coefficients.

When coding the FDTD algorithm, each of the field terms Ex, Ey, Ez, Hx, Hy, and
Hz are stored as three-dimensional arrays in computer memory. The updating coeffi-
cient terms are also stored as three-dimensional arrays in computer memory. Notice
that since we assumed all materials in the problem space are nonmagnetic, we used
free space permeability μ0 in the entire problem space, thus the updating coefficients
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in (9) simplified to become scalar constants. Hence, we eliminated the need to store
three-dimensional arrays for updating coefficients for magnetic field updates, which
reduces the memory requirement to store updating coefficients by half. We can
consider this as a customization of the general FDTD formulation for the special case
of microstrip circuits.

Notice that in (5) the coefficients Cexhz i, j, kð Þ and Cexhy i, j, kð Þ are different from
each other only by factors of 1=Δy and 1=Δz, and a negative sign. We can express these
two coefficients as

Cexhz i, j, kð Þ ¼ 1
Δy Cexh i, j, kð Þ and Cexhy i, j, kð Þ ¼ � 1

Δz Cexh i, j, kð Þ,
where Cexh i, j, kð Þ ¼ 2Δt

2εx i, j, kð ÞþΔtσex i, j, kð Þ.
Then instead of storing three coefficient arrays (Cexe, Cexhz, and Cexhy) on computer

memory, we can just store two arrays (Cexe,Cexh) andmultiply the terms 1=Δy and�1=Δz
with Cexh on the fly in each iteration. This saves memory requirement, however with the
expense of two extra multiplication operations per electric field component update.

2.1 Edge length normalization

Another approach to reduce the number of coefficient arrays, however without the
expense of increased number of arithmetic operations, is the method called edge
length normalization [5]. Let us rewrite (5) in terms of Cexh as

Enþ1
x i, j, kð Þ ¼ Cexe i, j, kð Þ � En

x i, j, kð Þ
þ 1
Δy

Cexh i, j, kð Þ � Hnþ1
2

z i, j, kð Þ �Hnþ1
2

z i, j� 1, kð Þ
� �

� 1
Δz

Cexh i, j, kð Þ � Hnþ1
2

y i, j, kð Þ �Hnþ1
2

y i, j, k� 1ð Þ
� �

:

(10)

If we multiply both sides of the equation by Δx, multiply the second line by Δz=Δz,
and the third line by Δy=Δy, we get

ΔxEnþ1
x i, j, kð Þ ¼ ΔxCexe i, j, kð Þ � En

x i, j, kð Þ
þΔx
Δy

Δz
Δz

Cexh i, j, kð Þ � Hnþ1
2

z i, j, kð Þ �Hnþ1
2

z i, j� 1, kð Þ
� �

�Δx
Δz

Δy
Δy

Cexh i, j, kð Þ � Hnþ1
2

y i, j, kð Þ �Hnþ1
2

y i, j, k� 1ð Þ
� �

(11)

In this equation we can normalize the field terms with lengths of the cell edges they
are associated with such that ex substitutes ΔxEx, hy substitutes ΔyHy, and hz sub-
stitutes ΔzHz. After these substitutions we get

enþ1
x i, j, kð Þ ¼ Cexe i, j, kð Þ � enx i, j, kð Þ

þ Δx
ΔyΔz

Cexh i, j, kð Þ � hnþ
1
2

z i, j, kð Þ � hnþ
1
2

z i, j� 1, kð Þ
� �

� Δx
ΔyΔz

Cexh i, j, kð Þ � hnþ
1
2

y i, j, kð Þ � hnþ
1
2

y i, j, k� 1ð Þ
� �

:

(12)

Now we can merge Δx
ΔyΔz into Cexh and rewrite (12) as
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enþ1
x i, j, kð Þ ¼ Cexe i, j, kð Þ � enx i, j, kð Þ

þCexh i, j, kð Þ �
hnþ

1
2

z i, j, kð Þ � hnþ
1
2

z i, j� 1, kð Þ
�hnþ

1
2

y i, j, kð Þ þ hnþ
1
2

y i, j, k� 1ð Þ

0
@

1
A,

(13)

where Cexh i, j, kð Þ ¼ Δx
ΔyΔz

2Δt
2εx i, j, kð ÞþΔtσex i, j, kð Þ.

Eq. (13) is referred to as edge length normalized formulation. This formulation
helps to reduce the total number of arithmetic operations while keeping the number of
three-dimensional coefficient arrays at two.

Similarly, edge length normalization can be applied to (9) to obtain equations for
magnetic field updates also as

hnþ0:5
x i, j, kð Þ ¼ hn�0:5

x i, j, kð Þ

þChxe

enþ0:5
y i, j, kþ 1ð Þ � en�0:5

y i, j, kð Þ
�enþ0:5

z i, jþ 1, kð Þ þ en�0:5
z i, j, kð Þ

 !
,

(14)

where Chxe ¼ Δx
ΔyΔz

Δt
μ0
.

Since the normalized values of fields are computed instead of the actual values of
fields at every time step, formulations of all other computations also need to be
adjusted to accommodate this edge length normalization. Such computations include
updating voltage sources, updating lumped element components, updating absorbing
boundaries, and capturing voltages and currents.

2.2 Absorbing boundaries

We simulate electric and magnetic fields in a rectangular three-dimensional
domain with finite size. The boundaries of this domain need to be treated according to
the type of simulation sought. For instance, a microwave circuit can be simulated in a
closed box boundaries of which are treated as perfect electric conductor (PEC).
Scattering problems or antenna radiation problems need to be simulated in open
space. In that case an open space is simulated by treating the boundaries of the FDTD
domain as absorbing boundaries. Several different types of absorbing boundary for-
mulations have been proposed in the literature, one type of which is referred to as
perfectly matched layers (PML). In this implementation we use a variation of the
Auxiliary Differential Equation Perfectly Matched Layers (ADE-PML) [8] to termi-
nate five sides of the boundaries of the FDTD domain in which a microstrip circuit is
simulated, and one boundary treated as PEC to simulate the ground of the microstrip
circuit.

While ADE-PML is a very effective formulation to suppress reflections from the
boundaries of a problem space, it is computationally expensive, especially for a
microstrip circuit simulation, as PML regions will cover a significant portion of the
three-dimensional problem space. One can consider a lightweight absorbing boundary
formulation, such as Liao [9] or Mur [10], to terminate the boundaries of the problem
space. While such formulations are not as efficient in suppressing reflections, they are
more efficient computationally, and they can provide sufficient accuracy for the
scattering parameters of microstrip circuits in shorter time.

It should be noted that if it is desired to simulate a microstrip circuit in a PEC box,
the ADE-PML computations can be turned off and the program will simulate PEC
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boundaries by default in the presented FDTD implementation. However, one should
notice that when a circuit is simulated in a closed box, electromagnetic fields bounce
back and forth between the walls of the box, leading to box resonances, and it will take
very long for the transients vanish; therefore, the FDTD simulations of such circuits
will take very long time.

3. Programming FDTD in Julia

In this section we discuss the Julia implementation of the FDTD procedure that is
customized for simulation of microstrip circuits conveniently; One can easily set up a
single layer multi-port microstrip circuit, run an analysis, and obtain the scattering
parameters of the circuit. While the implementation is specific to microstrip simula-
tions, it is easy to use this implementation as a base code and expand on it to build a
more general purpose FDTD program that can be used for other types of applications
such as scattering from complex objects, or radiation from antennas. The source code
of the presented implementation can be accessed at [11].

Listing 1 shows the function, defined as “run_fdtd()”, that can be called in Julia
terminal to start an FDTD simulation. This function needs to be called with a project
file name. A second argument, which is optional, can be used to run the simulation if it
is “run_simulation” or can be used to just display the three-dimensional geometry of
the problem space and material distribution if it is “display_problem_space”. Several
steps of an FDTD simulation process are executed by respective function calls in this
function. These steps are mainly loading the project from a file, initializing the prob-
lem space, displaying the problem space, initializing the updating coefficient and field
arrays, running the time marching loop, calculating scattering parameters and
displaying the simulation results.

Listing 1. The function to run the FDTD simulation.
function run_fdtd(project_file_name, v::String = "run_simulation")

println("===<Project name is $project_file_name >=====")
fdtd_project = load_project_from_file(project_file_name);
fdtd_domain, material_grid = initialize_problem_space(fdtd_project);
display_problem_space(fdtd_project, fdtd_domain, material_grid)
if (v != "run_simulation")

return nothing
end
fdtd_fields, fdtd_coefficients, pml_boundary =
initialize_updating_coefficients_and_fields(fdtd_project,

fdtd_domain, material_grid);
run_time_marching_loop(fdtd_project, fdtd_domain, fdtd_fields,

fdtd_coefficients, pml_boundary)
calculate_scattering_parameters(fdtd_project)
display_simulation_results(fdtd_project)
return nothing

end
The input project file to the “run_fdtd()” function is an Extensible Markup Lan-

guage (XML) file. XML is a well-known file format used for storing and transmitting
data. It is a simple human-readable file format and open-source packages are available
in many programming languages, including Julia, to read and process XML files.
“XMLDict” is one of such packages and used in the presented code.
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All the parameters that are necessary to run the simulation of a single layer
microstrip circuit need to be defined in and are read from the XML project file. The
file includes analysis parameters such as cell sizes in x, y, and z directions and
maximum number of time steps to run the simulation. It includes the relative
permittivity, electric conductivity, thickness, and coordinates of the substrate.
One can enter the geometry of the microstrip structures using rectangular bricks
or polygonal shapes that are on the surface of the substrate. Multiple ports can be
defined by their coordinates and impedances. Ports extend from ground to the
surface of the substrate. Vias can be defined with coordinates of rectangular
regions extending from the ground to the surface of the substrate. Moreover, one can
define the frequency range for which simulation results are sought as scattering
parameters.

The function “initialize_problem_space()” constructs the material grid of the
three-dimensional problem space based on the substrate, the microstrip patches on
the surface of the substrate, vias, and air surrounding the substrate. In this imple-
mentation an air buffer is created by default around the substrate. The thickness of the
air buffer is at least 20 cells or 3 times the substrate thickness on five sides of the
substrate except for below the ground. The material grid includes three dimensional
arrays representing permittivity and electric conductivity distributions that are asso-
ciated with x, y, and z components of the electric field.

Once the problem space is constructed, the “display_problem_space()” function
can be used to display the geometry of the problem space including its boundaries, as
well as the material grid that will be simulated in the subsequent step. Since a contin-
uous three-dimensional space is approximated by a discrete representation, it is
essential to check the geometry, as well as the material grid to make sure that every-
thing is set up correctly in the discrete representation. For instance, Figure 1 shows a
microstrip low pass filter, which is a classic example presented in Sheen et al. [12], as
displayed by the program, and Figure 2 shows the grid including the conductivity
distribution on the surface of the substrate.

As the next step, “initialize_updating_coefficients_and_fields()” function is called
to create three-dimensional coefficient and field arrays. For instance, Listing 2 shows
the section of the code that is used to create the general coefficient arrays based on
(13). In addition to the general updating coefficients, ports and absorbing boundaries
as well are set up at this stage.

Listing 2. Section of the code that creates the general coefficient arrays.
Cexe = (2 .* eps_r_x .* eps_0 .- dt .* sigma_e_x)

./(2 .* eps_r_x .* eps_0 .+ dt .* sigma_e_x);
Cexh = (2*dt*dx/(dy*dz))

./ (2 .* eps_r_x .* eps_0 .+ dt .* sigma_e_x);
Ceye = (2 .* eps_r_y .* eps_0 .- dt .* sigma_e_y)

./(2 .* eps_r_y .* eps_0 .+ dt .* sigma_e_y);
Ceyh = (2*dt*dy/(dx*dz))

./(2 .* eps_r_y .* eps_0 + dt .* sigma_e_y);
Ceze = (2 .* eps_r_z .* eps_0 .- dt .* sigma_e_z)

./ (2 .* eps_r_z .* eps_0 + dt .* sigma_e_z);
Cezh = (2*dt*dz/(dx*dy))

./ (2 .* eps_r_z .* eps_0 + dt .* sigma_e_z);
Chxe = dt*dx/(dy*dz*mu_0)
Chye = dt*dy/(dz*dx*mu_0)
Chze = dt*dz/(dx*dy*mu_0)
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It should be noted that all three-dimensional arrays that represent fields as well as
coefficients are of data type Float32 in the presented Julia code, which is the single-
precision floating-point format that occupies 32 bits in computer memory. Generally
double-precision floating-point numbers are used in scientific computation due to the
higher accuracy it can provide. However, our experience shows that single-precision
numbers are sufficient for the most time to achieve sufficiently accurate results in
FDTD simulations. In general single-precision arithmetic is faster-than double-
precision arithmetic and single-precision can safely be preferred to achieve faster
execution of the program in the case of FDTD.

Figure 1.
The geometry of a low-pass filter presented in Sheen et al. [12].

Figure 2.
Material mesh display of the circuit in Figure 1.
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When initializing the ports, data structures for a voltage source, a captured voltage
and a captured current at the port location are created for each port. In this code the
waveform to excite a voltage source is created as the derivative of Gaussian waveform
by default. This waveform is a wideband waveform in its frequency spectrum while
excluding very low frequencies and it can lead to faster simulation in which the
transients can vanish quickly. The code can be easily modified to accommodate
Gaussian, cosine modulated Gaussian, or any other custom waveform that can be used
to excite a voltage source.

The next step is to run the time marching loop in “run_time_marching_loop()”,
part of which is shown in Listing 3. Notice that since the main goal of the FDTD
analysis of a microstrip circuit is to obtain its scattering parameters, the time
marching loop needs to be repeated for each port. Each time one port needs to be
active as the source port while other sources are inactive. The voltage source of the
active port is excited during the time marching loop, and voltages and currents are
captured at all ports and stored in their respective arrays to be used during a post-
processing step later. Each time the time marching iterates until transient fields are
sufficiently vanished or the maximum number of time steps indicated in the project
file is reached. In the given code, transient voltage that is captured at the source port is
evaluated to determine if the transients vanished sufficiently; if the sum of the abso-
lute values of voltages in the last 200 time steps is less than a value chosen as the
stopping criterion then the time marching loop is ended.

Listing 3. Code showing the time marching loop executed for each active port.
for active_port in 1:number_of_ports

if (!ports[active_port].is_active)
continue

end
println("<Running port $active_port of $number_of_ports ports>")
clear_fields(Ex, Ey, Ez, Hx, Hy, Hz, pml_boundary)
vs = ports[active_port].voltage_source
vf = v_fields[active_port]
for time_step = 1:number_of_time_steps

if (check_convergence(ports, active_port, time_step))
break

end
update_Hx(Hx, Chxe, Ey, Ez, nx, ny, nz, nxp1, nyp1, nzp1)
update_Hy(Hy, Chye, Ez, Ex, nx, ny, nz, nxp1, nyp1, nzp1)
update_Hz(Hz, Chze, Ex, Ey ,nx, ny, nz, nxp1, nyp1, nzp1)
update_Hx_PML(Hx, Chxe, Ey, Ez, nx, ny, nz,

nxp1, nyp1, nzp1, pml_boundary)
update_Hy_PML(Hy, Chye, Ez, Ex, nx, ny, nz,

nxp1, nyp1, nzp1, pml_boundary)
update_Hz_PML(Hz, Chze, Ex, Ey, nx, ny, nz,

nxp1, nyp1, nzp1, pml_boundary)
capture_sampled_currents(ports, Hx, Hy,

active_port, time_step)
update_Ex(Ex, Cexe, Cexh, Hz, Hy, nx, ny, nz,

nxp1, nyp1, nzp1)
update_Ey(Ey, Ceye, Ceyh, Hx, Hz, nx, ny, nz,

nxp1, nyp1, nzp1)
update_Ez(Ez, Ceze, Cezh, Hy, Hx, nx, ny, nz,
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nxp1, nyp1, nzp1)
update_Ex_PML(Ex, Cexe, Cexh, Hz, Hy, nx, ny, nz,

nxp1, nyp1, nzp1, pml_boundary)
update_Ey_PML(Ey, Ceye, Ceyh, Hx, Hz, nx, ny, nz,

nxp1, nyp1, nzp1, pml_boundary)
update_Ez_PML(Ez, Ceze, Cezh, Hy, Hx, nx, ny, nz,

nxp1, nyp1, nzp1, pml_boundary)
update_voltage_sources(vs, vf, time_step)
capture_sampled_voltages(ports, v_fields,

active_port, time_step)
end

end
During each iteration of the time marching loop, first, magnetic fields Hx, Hy, and

Hz are updated each by calling a respective function. For instance, Listing 4 shows the
function “update_Hx()” to update Hx based on the Eq. (14). Notice that the coeffi-
cient “Chxe” is a scalar here.

After magnetic fields are updated in the entire three-dimensional space, magnetic
fields are updated on the boundaries based on the ADE-PML boundary conditions
equations. Next, values of currents are captured at all ports using the newly updated
magnetic fields.

Listing 4. The function that updates Hx.
function update_Hx(Hx, Chxe, Ey, Ez,nx, ny, nz, nxp1, nyp1, nzp1)

Hx[1:nxp1,1:ny,1:nz] .= (Hx[1:nxp1,1:ny,1:nz]
.+ Chxe .* (Ey[1:nxp1,1:ny,2:nzp1] .- Ey[1:nxp1,1:ny,1:nz]
.- Ez[1:nxp1,2:nyp1,1:nz] .+ Ez[1:nxp1,1:ny,1:nz]));

end
Then the iteration proceeds to compute electric fields Ex, Ey, and Ez by calling a

respective function for each. For instance, Listing 5 shows the function “update_Ex()”
to update Ex based on the Eq. (13). Notice that the coefficients “Cexe” and “Cexh”
both are three-dimensional arrays here.

Listing 5. The function that updates Ex.
function update_Ex(Ex, Cexe, Cexh, Hz, Hy,nx, ny, nz, nxp1, nyp1, nzp1)

Ex[1:nx,2:ny,2:nz] .= (Cexe[1:nx,2:ny,2:nz] .* Ex[1:nx,2:ny,2:nz]
.+ Cexh[1:nx,2:ny,2:nz] .* (Hz[1:nx,2:ny,2:nz]
.- Hz[1:nx,1:ny-1,2:nz] .- Hy[1:nx,2:ny,2:nz]
.+ Hy[1:nx,2:ny,1:nz-1]));

End
After electric fields are updated in the entire three-dimensional space, electric

fields are updated on the boundaries based on the ADE-PML boundary conditions
equations. Next, electric fields are updated due to voltage source excitation at the
location of the active port. Then the values of voltages are captured at all ports using
the newly updated electric fields.

Once the time marching loops are completed, all transient voltages and currents
that are captured at all ports for all port excitations are available to perform post
processing. The “calculate_scattering_parameters()” function is called to compute the
scattering parameters.

As the last step of the FDTD simulation, the “display_simulation_results()” func-
tion is called to display all transient voltages and currents captured during the FDTD
simulation as well as the scattering parameters computed in the post processing step.
We will show such results in the next section.
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4. Example circuits simulated in Julia FDTD

In this section we will present simulations of two example microstrip circuits. The
first circuit is a low pass microstrip circuit that is illustrated in Figure 2. Listing 6
shows the XML file that is used to set up the analysis for this circuit. In this file the cell
size is set as Δx ¼ 0:4064mm, Δy ¼ 0:4233mm, and Δz ¼ 0:265mm. The substrate has
a dielectric constant of εr ¼ 2:2 and a thickness of Δh ¼ 0:795mm:The maximum
number of time steps to run the simulation is 4000. The size and position of the
substrate and microstrip patches are listed as coordinates of rectangular shapes. Port 1
is set active while Port 2 is inactive, such as to simulate Port 1 excitation only to obtain
the scattering parameters S11 and S21. The Julia program is executed by calling
“run_fdtd(“low_pass_filter.xml”)”.

For this example, the program reached the stopping criterion at about 3700 time
steps. Then the simulation results are generated as plots. Figure 3 shows the voltage
waveform generated by the Port 1 voltage source as well as the transient voltages
captured at Port 1 and Port 2 up to 1 nano seconds. Figure 4 shows the scattering
parameters on a frequency range 0.5 GHz to 20 GHz.

Figure 3.
Transient voltages captured due to port 1 excitation.

Figure 4.
Scattering parameters of the low pass filter on a range 0.5 GHz to 20 GHz.
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The second example, shown in Figure 5, is a bandpass filter presented in Hong [13]
(in Figure 5.27). This filter is designed based on a five-pole Chebyshev lowpass
prototype with a 0.1-dB passband ripple. For the microstrip filter design, a dielectric
substrate with a relative dielectric constant of εr ¼ 10:2 and a thickness of Δh ¼
0:635mm is used. Listing 7 is a section of the XML file that is used to set up simulation
of this band pass filter and it shows how the geometry of the microstrip circuit is
created using a polygon and multiple vias. For the FDTD simulation of this circuit a
cell size of Δx ¼ 0:2mm, Δy ¼ 0:2mm, and Δz ¼ 0:1585mm is used. Figure 6 shows the
scattering parameters calculated after 40,000 time steps.

Listing 6. XML file that is used to set up simulation of a low pass filter.
<?xml version="1.0" encoding="UTF-8"?>
<project>
<analysis_setup>

<dx>0.4064e-3</dx>
<dy>0.4233e-3</dy>
<dz>0.265e-3</dz>
<maximum_number_of_time_steps>4000</maximum_number_of_time_
steps>
<courant_factor>0.9</courant_factor>

</analysis_setup>

Figure 5.
The geometry of a band pass filter presented in Hong [13].

Figure 6.
Scattering parameters of the band pass filter on a range 0.5 GHz to 3.5 GHz.
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<geometry>
<substrate>

<relative_permittivity>2.2 </relative_permittivity>
<electric_conductivity>0.0 </electric_conductivity>
<thickness>0.795e-3 </thickness>
<min_coordinate> 0 0 </min_coordinate>
<max_coordinate> 0.0203 0.0195 </max_coordinate>

</substrate>
<rectangle>

<min_coordinate> 0 0.0085 </min_coordinate>
<max_coordinate> 0.0203 0.011 </max_coordinate>

</rectangle>
<rectangle>

<min_coordinate> 0.0056896 0.0 </min_coordinate>
<max_coordinate> 0.008128 0.0085 </max_coordinate>

</rectangle>
<rectangle>

<min_coordinate> 0.012192 0.0085 </min_coordinate>
<max_coordinate> 0.0146304 0.0195 </max_coordinate>

</rectangle>
</geometry>
<sources>

<port>
<min_coordinate> 0.012192 0.0195 </min_coordinate>
<max_coordinate> 0.0146304 0.0195 </max_coordinate>
<impedance> 50 </impedance>
<is_active> 1 </is_active>

</port>
<port>

<min_coordinate> 0.0056896 0.0 </min_coordinate>
<max_coordinate> 0.008128 0.0 </max_coordinate>
<impedance> 50 </impedance>
<is_active> 0 </is_active>

</port>
</sources>
<outputs>

<frequencies>
<start>0.5e9</start>
<end>20e9</end>
<step>0.1e9</step>

</frequencies>
</outputs>
</project>

5. Conclusions

In this chapter we presented an implementation of the FDTD method in Julia
customized to simulate microstrip circuits. The code of this implementation is acces-
sible at [11]. The code can be downloaded and used as a base code to experiment with
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various features of the FDTD method and it can be optimized for more efficient
execution following the best practices and performance tips for Julia.

It should be noted that the most effective method to improve the efficiency of a
program is to utilize the parallel processing capabilities of the computer system on
which the program is running. Julia supports four categories of concurrent and paral-
lel programming, which are asynchronous tasks or coroutines, multi-threading, dis-
tributed computing, and GPU computing. It is highly recommended to utilize these
parallel processing capabilities supported by Julia based on the available computer
architecture.

Listing 7. Part of the XML file that is used to set up simulation of the band pass
filter.

<geometry>
<substrate>

<relative_permittivity>10.2 </relative_permittivity>
<electric_conductivity>0.0 </electric_conductivity>
<thickness > 0.635e-3 </thickness>
<min_coordinate> �0.03324 0 </min_coordinate>
<max_coordinate>0.03324 0.018 </max_coordinate>

</substrate>
<polygon>

<vertex> �0.03324 0.01441 </vertex>
<vertex> �0.02904 0.01441 </vertex>
<vertex> �0.02904 0 </vertex>
<vertex> �0.02743 0 </vertex>
<vertex> �0.02743 0.01403 </vertex>
<vertex> �0.01594 0.01403 </vertex>
<vertex> �0.01594 0 </vertex>
<vertex> �0.01294 0 </vertex>
<vertex> �0.01294 0.0139 </vertex>
<vertex> �0.001965 0.0139 </vertex>
<vertex> �0.001965 0 </vertex>
<vertex> 0.001965 0 </vertex>
<vertex> 0.001965 0.0139 </vertex>
<vertex> 0.01294 0.0139 </vertex>
<vertex> 0.01294 0 </vertex>
<vertex> 0.01594 0 </vertex>
<vertex> 0.01594 0.01403 </vertex>
<vertex> 0.02743 0.01403 </vertex>
<vertex> 0.02743 0 </vertex>
<vertex> 0.02904 0 </vertex>
<vertex> 0.02904 0.01441 </vertex>
<vertex> 0.03324 0.01441 </vertex>
<vertex> 0.03324 0.015 </vertex>
<vertex> �0.03324 0.015 </vertex>

</polygon>
<via>

<min_coordinate> �0.02904 0 </min_coordinate>
<max_coordinate> �0.02743 0.00036 </max_coordinate>

</via>
<via>
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<min_coordinate> �0.01594 0 </min_coordinate>
<max_coordinate> �0.01294 0.00083 </max_coordinate>

</via>
<via>

<min_coordinate> �0.001965 0 </min_coordinate>
<max_coordinate>0.001965 0.00087 </max_coordinate>

</via>
<via>

<min_coordinate>0.01294 0 </min_coordinate>
<max_coordinate>0.01594 0.00083 </max_coordinate>

</via>
<via>

<min_coordinate>0.02743 0 </min_coordinate>
<max_coordinate>0.02904 0.00036 </max_coordinate>

</via>
</geometry>
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