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 

Abstract—Tissue-equivalent phantoms play a key role in the 

development of new wireless communications devices, which are 

tested on such phantoms prior to their commercialization. 

However, existing phantoms cover a small number of tissues and 

do not reproduce them accurately within wide frequency bands. 

This paper aims at enlarging the number of mimicked tissues as 

well as their working frequency band. Thus, a variety of potential 

compounds are scanned according to their relative permittivity 

from 0.5 to 18 GHz. Next, a combination of these compounds is 

characterized so the relation between their dielectric properties 

and composition is provided. Finally, taking advantage of the 

previous analysis, tailor-made phantoms are developed for 

different human tissues up to 18 GHz and particularized for the 

main current Body Area Network (BAN) operating bands. The 

tailor-made phantoms presented here exhibit such a high 

accuracy that would allow researchers and manufacturers to test 

microwave devices at high frequencies for large bandwidths as 

well as the use of heterogeneous phantoms in the near future. The 

key of these phantoms lies in the incorporation of acetonitrile to 

aqueous solutions. Such compound has a suitable behavior to 

achieve the relative permittivity values of body tissues within the 

studied frequency band. 

 
Index Terms—Acetonitrile, Body Area Network (BAN), 

Industrial, Scientific and Medical (ISM) band, microwave, tissue-

equivalent phantom, Ultra-Wideband (UWB). 

 

I. INTRODUCTION 

edical diagnoses based on electromagnetic techniques 

are widely present in different applications such as 

medical imaging or monitoring sensors. In all cases, 

electromagnetic waves travel through the human body to 

either analyze their variation due to tissue changes or transmit 

information between electronic devices. In this respect, the 

ongoing progress on getting smaller and low-power wireless 

devices allows them to be used in Body Area Networks 

(BANs) as integrated in-body sensors that continuously 

monitor health parameters [1], or ingestible capsules which go 
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through internal cavities such as intestine [2]. Current 

technology is designed to use authorized frequency bands in 

order to connect sensors and receivers [3], but they are limited 

by very low rates of data transmission, high latency and low 

power efficiency [4]. Besides, most BANs work within the 

Industrial, Scientific and Medical (ISM) bands: 902 - 928 

MHz, 2.4 - 2.4835 GHz or 5.725 - 5.8255 GHz, which are 

narrowband and whose bit rate is not enough for future 

claimed applications. An alternative solution is Ultra-

Wideband (UWB), which is located within 3.1-10.6 GHz, a 

FCC specification with high data rates and low power 

consumption that takes advantage of bands wider than ISM 

[5]. 

Many antennas and in-body devices for BAN applications 

have been developed [6], [7], which are often tested in animals 

[8], [9] in order to improve their performance by adapting 

their design to the real transmitting medium, which is much 

more lossy than air. Tissue-equivalent materials, the so-called 

phantoms, are commonly used with the purpose of avoiding in 

vivo assays on humans or animals [10]–[12], inasmuch as the 

latter involve ethical and legal consequences as well as 

specimen dependence. These phantoms are supposed to 

exhibit the same dielectric properties, i.e., relative 

permittivity, as those of human tissues. There are both 

commercial and reported formulas for self-preparation 

phantoms [13], just as liquids [14], gel/semisolids [15], [16] or 

solids [17]. In the vast majority of cases, phantoms are made 

of ordinary ingredients such as water, sugar [18], salt, gelatin-

in-oil [19] or flour [20] with preservatives or combined with 

other compounds. Taking into account that relative 

permittivity is frequency-dependent, phantoms are usually 

provided for specific bands since it is not possible to imitate a 

tissue at every frequency. These are usually reported for 

narrow bands, e.g., ISM bands [13], with the aim of 

considering the relative permittivity constant because it does 

not suffer significant variations. Phantoms for wider bands 

have also been provided [21], but in most cases these 

phantoms do not imitate the entire UWB frequency band or 

own a quite weak approximation. Furthermore, there are not 

many mimicked tissues within wide frequency bands, which 

would be suitable to create heterogeneous phantoms that 

simulate a real environment for in-body applications. They are 

usually based on a general body area like head or torso. For 

instance, a well characterized head phantom is shown in [22] 

and [23], but only within 0.5-4 GHz. One critical example of 
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the limitation of UWB phantoms is muscle, which is a key 

tissue for BANs and which has a fairly poor approximation 

[24]. In one of the frequently cited works [25], oil and water 

are combined in various ratios to match the dielectric trends of 

human tissues over a wide frequency range of 500 MHz to 20 

GHz. Nevertheless, this study is restricted to a few tissues 

with slight options to precise adjustment. Taking the same 

base ingredients, there have been attempts to improve this 

phantom formulation [26]. However, a solid material is 

offered, which is not a good option for wireless implanted 

sensors since they must often be placed inside the phantom. 

Besides, this phantom is not as accurate for a realistic 

equivalent of muscle above 5 GHz, because its conductivity is 

several units, in S/m, above that of the reference tissue. It is 

noteworthy to mention that most publications show the 

imaginary part of the relative permittivity as conductivity, 

where differences between values are lower than in loss factor 

and real deviation cannot be properly assessed. 

The aim of this work is to develop a liquid synthetic model 

which can be tuned to meet the dielectric properties of the 

target tissue within 500 MHz to 18 GHz, which comprise the 

future BAN bands like ISM or UWB. In addition, the model 

could be applied in other technologies, e.g., specific 

absorption rate (SAR) evaluation or microwave imaging, 

whose working frequencies are comprised within the same 

frequency range. To achieve this goal, it becomes imperative 

to analyze the behavior of different polar molecules because of 

their dipole orientation with the applied field, which is the 

predominant polarization type within the microwave band, so 

it determines the relative permittivity [27]. Solvents like 

water, acetone or acetonitrile own suitable properties, i.e., high 

dielectric constants and low polarization times [28], just like 

most human tissues. Ionic salts are also considered in this 

paper since they can provide extra conductivity to aqueous 

solutions. 

This paper is organized as follows: in section II we describe 

the measurements and methodology carried out to prepare and 

characterize the liquid samples. Section III discusses the 

different chemical candidates for assembling phantoms. In 

section IV we obtain the spectrum of the achievable values for 

the relative permittivity, by combining the previously selected 

components, and then we provide some examples of targeted 

phantoms. Finally, section V summarizes the conclusions of 

our work. 

II. MEASUREMENT AND METHODOLOGY 

A. Measurement system 

The measurement system used to characterize the relative 

permittivity is based on the open-ended coaxial probe method 

[29], [30]. It consists of a vector network analyzer (VNA, 

N9918A FieldFox Handheld Microwave Analyzer, frequency 

range: 30 kHz - 26.5 GHz), a 1 m long coaxial cable, a coaxial 

probe (Keysight 85070E slim form probe, working frequency: 

500 MHz - 50 GHz), and a computer that managed VNA and 

processed the data. This system measures the reflection 

coefficient (S11) of the sample under test and translates it into 

the two parts of the complex relative permittivity (1): 

 r r rj      (1) 

where r’ is the dielectric constant, and r” is the loss factor, 

both non-dimensional. This conversion is performed following 

the procedure described in [31], through self-created software. 

The assembly was complemented with a hooked plier on a 

bracket, which held the slim probe, and a sample elevator, 

both with the aim of fixing the setup due to its high sensitivity. 

The full equipment setup is shown in Fig. 1. 

 
Fig. 1. Setup of the open-ended coaxial probe ready for measurements. 

 The measurement accuracy was established by comparing 

the results of a 0.1M NaCl solution with those provided in 

[32], as suggested in [33]. The results show an uncertainty of 

1.24% for the dielectric constant and 2.66% for the loss factor, 

in the frequency range from 500 MHz to 10 GHz. Otherwise, 

from 10 GHz to 18 GHz, there is an uncertainty of 1.31% for 

the dielectric constant and 3.34% for the loss factor. The main 

uncertainty terms are calibration and the effect of temperature. 

B. Methodology 

Regarding the liquid samples, they were prepared and 

measured inside glass vials as follows. Firstly, ionic solids 

were added, where appropriate, with a stainless steel lab spoon 

in the required quantities. Then, a Pasteur pipette was required 

to pour the polar liquids into the vials and fill them up to 20 g 

with deionized water. Next, the vials were closed and stirred 

for 15 minutes to ensure complete dissolution and mixture. 

Three replicates of each composition were prepared to 

minimize experimental errors. 

The measurement system was configured as follows: the 

scanning range was comprised between 500 MHz and 18 

GHz, recording 1601 points, so the frequency resolution was 

10.9375 MHz. The IF bandwidth was set to 3 kHz whereas the 

defined output power was -3 dBm. A calibration process with 

well-known dielectric standards had to be set up with the 

purpose of removing the effect of fixture, cables and the 

coaxial probe so that the S11 measurement and conversion 

could be performed properly. The calibration was carried out 

with air, deionized water, methanol (99.8%, Sigma-Aldrich), 

and a short termination. Since VNA has drift errors due to 

temperature variation, the calibration process must be reset 

regularly; hence, it was performed every five scans. 
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After calibration, it was important to avoid cable 

movements by using the sample elevator. Taking into account 

that the relative permittivity is temperature dependent, the 

samples were carefully measured at 24 degrees Celsius. 

Samples were characterized by immersing the probe inside the 

liquid halfway, removing air bubbles and ensuring an 

appropriate distance to the vial surface. After every 

measurement, the coaxial probe was cleaned with deionized 

water and smoothly dried with lab paper. 

III. MATERIALS SELECTION 

The procedure for achieving tissue phantoms was as 

follows: in the first step, aqueous solutions of polar liquids and 

ionic salts were analyzed with the aim of choosing those 

suitable to attain the dielectric response of human tissue 

according to literature [34]–[36]. Next, samples with a wide 

range of concentrations were prepared to disclose the 

achievable values of relative permittivity for designing 

phantoms. Finally, taking advantage of these results, ISM and 

UWB phantoms were synthesized according to the 

relationship between composition and relative permittivity. 

Inasmuch as polar molecules are essential within the 

microwave band, it is mandatory to check them for any 

microwave application. Since the main compound of most 

tissues is water, it will work as the baseline for phantoms and 

be combined with other polar liquids. The review of polar 

compounds is performed with common chemicals. However, 

others such as N,N-dimethylformamide, nitromethane, N,N-

dimethylacetamide or pyridine might be of interest. They are 

not studied here owing to their toxicity or unavailability. Fig. 

2 shows water and aqueous solutions at 50% wt of different 

polar compounds in contrast to muscle, which is an extensible 

example of the behavior of tissues with high water content. 

 
Fig. 2. Relative permittivity of water, 50% wt aqueous mixtures of different 

polar liquids and that of muscle tissue [35]: a) Dielectric constant b) Loss 
factor. 

 

All mixtures provoke a decrease from the water dielectric 

constant towards the range of tissue values around 500 MHz. 

The problem is that most of them show a high dielectric drop 

with frequency due to the relaxation frequency, from which 

molecules cannot orientate as fast as the electromagnetic field 

changes. Muscle, as well as many tissues, shows a soft 

decrease of the dielectric constant along frequency within the 

microwave band. However, the essential problem is not the 

dielectric constant but the loss factor, which exhibits a 

considerable growth around 4 GHz when the relaxation 

frequency emerges and overtakes the muscle values; then, the 

loss factor falls again and deviates from tissue’s behavior.  

On the other hand, from these results, it can be stated that 

acetonitrile is the best candidate for phantoms since it has a 

strong similarity to muscle’s behavior. It shows a very stable 

dielectric constant with frequency because its relaxation 

frequency, 45.734 GHz, is much larger than others, e.g., that 

of ethanol, 976.41 MHz [28]. 

Regarding the loss factor, it should be increased between 

0.5 and 9 GHz to reach muscle values. For this purpose, salt 

has to be added as long as conductivity is defined by ionic 

polarization at frequencies below 10 GHz. Sodium chloride, a 

cheap and accessible salt typically proposed [26], [37], is 

compared in the form of an 2.5% wt aqueous solution against 

other salt solutions and pure water in Fig. 3, in order to select 

the best option. 

 
Fig. 3. Loss factor of 2.5% wt aqueous solutions of NaCl, KCl and NaBr 

compared to deionized water. 

As can be seen, choosing a salt is not critical inasmuch as 

all of them provide a huge increment on the loss factor below 

10 GHz, higher than that pursued. The corresponding loss 

factor of potassium chloride and sodium chloride are almost 

the same and they overlap in the graph. Consequently, sodium 

chloride will be used hereafter in order to adjust the 

conductivity because it raises heavily the loss factor for a 

minimum quantity and it is the most easily available. 

IV. PHANTOMS DESIGN 

A. Composition scanning 

Four series of aqueous solutions with 30, 40, 50, and 60% 

wt acetonitrile were prepared, since it is the proper candidate 

for preparing phantoms and therefore has to be studied in 

depth. Each series was replicated with varying NaCl 

concentrations from 0 to 5% wt or until saturation point. The 

first series is shown in Fig. 4, corresponding to 30% wt of 

acetonitrile. 
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Fig. 4. Relative permittivity of 30% wt acetonitrile aqueous solutions with 

different concentrations of NaCl: a) Dielectric constant b) Loss factor. 

The presence of sodium chloride decreases the dielectric 

constant proportionally at any frequency. This fact can be 

explained by the smallness of its dissociated ions, which do 

not affect the orientation of polar molecules, so the relaxation 

frequency does not change. Indeed, the fall of the constant is 

due to the reduction of polar molecules per volume unit. In 

relation to the loss factor, the presence of ions raises 

noticeably its value below 10 GHz as expected because of 

electrical conductivity. 

Next series is presented in Fig. 5, where 40% wt acetonitrile 

in water is combined with NaCl.  

 
Fig. 5. Relative permittivity of 40% wt acetonitrile aqueous solutions with 

different weight concentrations of NaCl: a) Dielectric constant b) Loss factor. 

The values of the dielectric constant have decreased a few 

units with respect to the previous series. As in the previous 

case, the addition of salt decreases the dielectric constant 

without changing its behavior within the frequency band and 

increases the loss factor below 6 GHz. 

The role of acetonitrile is better appreciated in Fig. 6, which 

displays the relative permittivity of 50% wt acetonitrile 

solutions. In this case, we can see the influence of acetonitrile 

on the dielectric constant, which gets more stable values (note 

the y-axis) with frequency due to its higher relaxation 

frequency in comparison with water. This is a highly 

significant finding for wideband phantoms since human 

tissues behave in that way (Fig. 2). 

 
Fig. 6. Relative permittivity of 50% wt acetonitrile aqueous solutions with 

different weight concentrations of NaCl: a) Dielectric constant b) Loss factor. 

In this case, dissolving 2% wt NaCl was not possible since 

it exceeds the saturation point of the solution, so it was 

discarded. As it can also be observed from Fig. 6, the effect of 

the salt addition is similar regardless of the acetonitrile 

concentration. 

The most concentrated aqueous solutions, i.e., those with 

60% wt acetonitrile, are given in Fig. 7. Once again, the 

curves of the dielectric constant show a gentler slope with 

frequency compared to the previous cases with less 

acetonitrile in the formulation. The decrease of the dielectric 

constant with the rise of concentration can be noted in the y-

axis, which is kept in these figures to compare better. It should 

be remarked that the loss factor decreases with the increment 

of acetonitrile. This issue can be solved at frequencies below 

10 GHz by adding sodium chloride until saturation point. 

However, above 10 GHz the effect of salt disappears and the 

loss factor cannot be modified without changing the 

concentration of polar liquids. It should be noticed that the 

fluctuation in the loss factor caused by the addition of salt is 

significant at frequencies below 2 GHz due to the exponential 

trend of the curves. Consequently, it will be challenging to 

adjust the loss factor in phantoms for these frequencies. 
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Fig. 7. Relative permittivity of 60% wt acetonitrile aqueous solutions with 

different weight concentrations of NaCl: a) Dielectric constant b) Loss factor. 

In summary, acetonitrile provokes a rise on the relaxation 

frequency of water that has an effect on both dielectric 

constant and loss factor. Regarding the dielectric constant, 

there is a decrease of its value because of the lower 

polarization capability of acetonitrile compared to water 

molecules. Besides, its stable value with frequency is 

improved, what is highly relevant for mimicking the tissues 

trend. This increase in relaxation frequency is also determinant 

in the loss factor, which is reduced at any frequency since the 

maximum of the loss is shifted to higher frequencies. From 

these systematized results it is possible to approach the 

required composition for a tissue phantom by analyzing and 

interpolating the response of the relative permittivity on the 

presented graphs for the required frequency band. 

B. Tissue Phantoms Tailoring 

Taking advantage of the preceding results, empirical 

attempts to imitate different tissues in the UWB frequency 

band were performed. The targeted tissues were mainly those 

of the torso, which may be relevant in BAN applications. 

After referring to the bibliographic data of real tissues [38], 

the targeted values were adjusted in the previous graphs at 4 

and 8 GHz, and then adjusted with trial and error method. The 

choice of these frequencies is due to the fact that they are near 

the beginning and end of the UWB frequency band. Any other 

pair of frequencies within this band could be applicable, since 

the relative permittivity of human tissues holds a nearly linear 

behavior in this band [34]. Hence, we can assume that 

phantoms will be proper if they imitate the tissues at those 

frequencies. Despite phantoms were measured at 24 degrees 

Celsius, they were compared with the relative permittivity of 

the tissues at body temperature. Thus, phantoms at room 

temperature imitate the tissues within their real environment. 

In Fig. 8, the relative permittivity for the phantoms designed 

for muscle (54.98% Acetonitrile, 1.07% NaCl), heart (49.94% 

Acetonitrile, 1.58% NaCl) and pancreas (44.49% Acetonitrile, 

1.09% NaCl) are presented in contrast to those of mimicked 

human tissues [38] and a previously proposed phantom, 1M 

sucrose in water [24]. 

 
Fig. 8. Relative permittivity of the muscle, heart and pancreas phantoms 
compared to 1M sucrose solution and the corresponding human tissues [35]: 

a) Dielectric constant b) Loss factor. 

As can be seen, the above presented scans lead to liquid 

phantoms which mimic thoroughly tissues with high water 

content such as muscle, heart, pancreas, etc. In all cases, the 

reached accuracy is much higher than that already reported in 

bibliography for UWB, e.g., 1M sucrose, inasmuch as not only 

the curve trends are imitated but value deviations are 

negligible at both, real and imaginary parts within this band. 

There is a deviation for the relative permittivity at frequencies 

below 3 GHz because UWB has been the focused band, 

regardless of a lower approximation within other bands, due to 

its relevance in BANs. The significant finding is the 

coincident trend between phantoms and tissues, which gives 

the possibility for an accurate reproduction within the entire 

frequency range that can be adjusted according to the 

demanded band. 

Some tissues such as liver or cartilage have values of 

relative permittivity which are out of those that can be reached 

by using only acetonitrile. Besides, other tissues like colon 

have a quite marked fall of the dielectric constant with 

frequency so the phantom deviates from it when frequency 

rises. The solution for these tissues is the incorporation of 

another polar component in the solution apart from 

acetonitrile: ethanol. The latter enhances the possibility of 

preparing phantoms with less content of water since it has 

lower values of dielectric constant and relaxation frequency. 

In Fig. 9, the colon (48.5% Acetonitrile, 2.5% Ethanol, 

1.165% NaCl), liver (51% Acetonitrile, 17% Ethanol, 0.95% 

NaCl) and cartilage phantoms (41% Acetonitrile, 30% 

Ethanol, 1% NaCl), which require increasing amounts of 

ethanol, can be compared with their homologous human 

tissues, taken from [38]. 
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Fig. 9. Relative permittivity of the colon, liver and cartilage phantoms 

compared to the human tissue [38]: a) Dielectric constant b) Loss factor. 

 It is important to keep in mind that the addition of ethanol 

decreases the solvation of sodium chloride, i.e., a lesser 

amount of salt can be added until its saturation point. Once it 

is exceeded, two phases split so the phantom is no longer 

homogeneous and has to be discarded. Hence, the loss factor 

may not be reached in such phantoms which require large 

ethanol contents for achieving low dielectric constants. 

Besides, an increment of ethanol reduces the relaxation 

frequency, i.e., there is a stronger fall of the dielectric constant 

with frequency. On the other hand, the maximum of the loss 

factor approaches the studied band (Fig. 2), moving away 

from the tissue’s trend if the amount of ethanol is too much. 

In summary, Table I collects the compositions of the 

presented phantoms, which are especially suitable between 3 

and 18 GHz. The choice of this frequency range is justified by 

the fact that it comprises the entire UWB frequency band, the 

future wideband technology for BANs. 

 
TABLE I 

PHANTOM COMPOSITIONS IN THE 3-18 GHZ FREQUENCY BAND 

Tissue Phantom composition 

Muscle 54.98% Acetonitrile, 1.07% NaCl 

Heart 49.94% Acetonitrile, 1.58% NaCl 

Pancreas 44.49% Acetonitrile, 1.09% NaCl 

Colon 48.5% Acetonitrile, 2.5% Ethanol, 1.165% NaCl 

Liver 51% Acetonitrile, 17% Ethanol, 0.95% NaCl 

Cartilage 41% Acetonitrile, 30% Ethanol, 1% NaCl 

 

For the purpose of imitating properly some tissues within 

the 2.4-2.4835 GHz ISM band, different solutions from those 

shown above should be prepared. Table II lists the values 

obtained for ISM phantoms in contrast to the real tissue 

values, taken from [38]. Ethanol has been incorporated here as 

well to better mimic tissues such as colon and liver. 

TABLE II 

ISM (2.4-2.4835 GHZ) PHANTOMS AT 24 DEGREES CELSIUS COMPARED WITH 

THEIR RESPECTIVE HUMAN TISSUES AT BODY TEMPERATURE [38]  

Tissue 
Phantom 

composition 

Dielectric constant Loss factor 

Real Phantom Error Real Phantom Error 

Heart 
48.56% 

Acetonitrile, 

1.24% NaCl 
54.92 54.24 1.24% 16.6 16.83 1.39% 

Muscle 
55.05% 

Acetonitrile, 

0.86% NaCl 
52.79 51.94 1.61% 12.77 12.78 0.08% 

Pancreas 
44.48% 

Acetonitrile, 

0.84% NaCl 
57.27 56.54 1.27% 14.44 14.39 0.35% 

Liver 

17.5% Ethanol, 

50% 

Acetonitrile, 

1% NaCl 

43.12 43.97 1.97% 12.38 12.54 1.29% 

Colon 
51.46% 

Acetonitrile, 

1.08% NaCl 
53.97 53.31 1.22% 14.98 15.03 0.33% 

Cartilage 

30% Ethanol, 

45% 

Acetonitrile, 

1.25% NaCl 

38.88 38.39 1.26% 12.86 12.95 0.70% 

 

These phantoms at 24 degrees Celsius imitate properly the 

relative permittivity of tissues at body temperature. Anyway, 

their variation with temperature was checked between 20 and 

40 degrees Celsius and it resulted in around ±0.08 units per 

degree for the dielectric constant, and ±0.11 units per degree 

for the loss factor. It is a deviation of 0.22% and 1.71% for 

both parts, respectively. The synthetic models are suitable for 

the assessment of many microwave technologies that transmit 

wireless waves throughout the human body [39]. 

These phantoms are homogeneous liquids with a quick and 

simple preparation. This fact provides them with a huge 

adaptability for different applications inasmuch as they can be 

placed in manifold containers. For instance, the phantom 

could be held within a 3D-printed plastic recipient with the 

shape of any tissue or embedded in a hydrogel. Thus, 

heterogeneous models may be prepared by placing the single 

phantoms in the required distribution once they are held in 

their corresponding containers. In addition, they were checked 

after three months stored within glass vials and no changes in 

their dielectric response were observed. 

V. CONCLUSIONS 

We have measured and processed data of the relative 

permittivity for many solutions with salts and polar molecules 

in order to choose the appropriate ones to be included in tissue 

phantoms. After the selection, these compounds have been 

systematically combined at increasing concentrations so that a 

relation between compositions and their dielectric properties 

has been provided. Then, several phantoms have been 

designed, bearing in mind the behavior of the tissue to be 

mimicked over frequency. Human tissues with different 

content of water were properly imitated in the frequency range 

between 3 and 18 GHz, assuming that the true dielectric 

properties of tissues are those reported in [38]. Since these 

phantoms are characterized at 24 degrees Celsius, any test 

with them should be carried out at this temperature. 

This is a significant step for microwave applications, 

especially those that make use of wide bands difficult to be 

imitated to its full extent with one single phantom. Besides, 
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this model is useful to get narrow band phantoms that are 

suitable for ISM and other technologies. The possibility of 

enlarging the phantom repertoire is noticeable, and it will be 

carried out in further works. Other issues to be addressed are 

the shelf life and compatibility of these phantoms with 

different containers. Anyway, their components are miscible, 

and so no phase separation or sediment appears over time. 
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