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Body-centric wireless communications represent a well-established field of research, with many studies and applications 
developed in a range of frequencies that extend from 400 MHz up to 10 GHz. However, many advantages can be found 
in operating such systems at millimeter-wave frequencies. For example, compact antennas suitable for body-centric 
applications can be obtained together with other benefits, such as higher data rates and reduced interference and 

1. Introduction

Over the past few years, an increasing interest in body-

centric wireless communications has made this research 

fi eld very popular. This is true not only in terms of theoretical 
studies, but also with the development of many devices and 

systems for different applications in numerous fi elds such as 
medicine and health care, military and defense, gaming and 

entertainment [1-8].

 Previous studies have been carried out at carrier frequen-

cies up to 10 GHz. Recently, research at millimeter-wave 

(mm-wave) frequencies has rapidly grown at 60 GHz and 

94 GHz, with preliminary results published in the fi elds of 
antenna design, radio propagation measurements, and numeri-

cal modeling. Enhancing of communication-channel security, 

inter- and intra-system interference reduction, and the avail-

ability of underused spectrum make millimeter-wave frequen-

cies particularly promising for the development of future 

body-centric wireless communication systems. The design of 

reli able and effi cient BANs [body-area networks], operating at 
millimeter waves, requires such detailed analysis of the com-

munication channel. Numerical simulation and measurements 

provide reliable and accurate results; however, there are still 

many issues to overcome. In terms of simulation, one of the main 

challenges arises from the fact that the human body becomes 

electrically large at the investigated frequencies, potentially 

making the computational burden of full-wave simulations 

extremely onerous. However, high-frequency techniques and 

carefully tailored formulation of full-wave methods seem to be 

very promising for channel characteriza tion. In addition, the 

availability of accurate numerical human phantoms, obtained 

by means of advanced imaging techniques, make simulations 

a powerful tool for analyzing the on-body radio channel in 

great detail. For example, the effects of clothing cannot be 

assumed to be negligible, as the majority of investigations at 

lower frequencies have implicitly or explicitly implied. The 

typical thickness of clothes, ranging from tenths of a millimeter 

up to a few millimeters, is comparable to the wavelength in 

the V and W bands (see Section 2). The effects of clothes on 

the propagation channel therefore have to be carefully and 

systematically evaluated.

 On the measurement side, the choice of antenna is of pri-

mary concern. Due to the high free-space path loss at millime-

ter-wave frequencies, and the high oxygen-induced atmos-

pheric attenuation in the 60 GHz range, the antenna should 

have a gain able to partially compensate for such losses, 

enhancing the achievable maximum distance between trans-

mitter and receiver, and allowing the characterization of longer 

communication paths. However, directive antennas are not 

“observability.” Meanwhile, numerical modeling of antennas and propagation at millimeter-wave frequencies represents 
a major challenge in terms of effi ciency and accuracy. The aim of this paper is to provide a review of recent progresses 
and outstanding challenges in the fi eld of body-centric communication at frequencies of 60 GHz and 94 GHz.
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suitable for such purposes. Indeed, the losses due to the mis-

alignment of the transmitter and receiver might be higher than 

the losses due to the presence of the human body itself, thus 

negating the potential benefi ts of high gain. In addition, the 
effects of the proximity of the human body on antenna per-

formance have to be properly investigated. The presence of 

cables and other equipment, necessary to install the antennas on 

the body, may signifi cantly affect the measured data. In general, 
channel measurements taken on human subjects may raise 

issues related to the safety of the subject itself [9]. More over, 

repeated channel-measurement setups may differ from each 

other, due to an imperfectly reproduced posture of the human 

subject. Solid, semisolid, or liquid phantoms can there fore be 

manufactured to mimic the electrical properties of the actual 

human body.

 In the light of these considerations, this paper reviews 

the main progress to date, and summarizes the challenges in 

the body-centric research fi eld at millimeter-wave frequencies. 
The paper is organized as follows. In Section 2, the main 

regulations and the reasons that make millimeter-wave fre-

quencies both appropriate and desirable for use in body-centric 

wireless systems are provided. Section 3 reviews the numerical 

methods available for analyzing on-body links at millimeter-

wave frequencies. A discussion of numerical and experimental 

phantoms is presented in Section 4, while Section 5 reviews 

the state of the art for antennas for body-centric applications. 

Finally, an overview of channel-characterization studies is 

provided in Section 6. 

2. The Millimeter-Wave Band

 Generally, the range of frequencies associated with milli-

meter waves covers the band between 30 GHz and 300 GHz. 

Nevertheless, when referring to telecommunications, this term 

usually describes the sub-bands around 60 GHz, 70 GHz, 

80 GHz and 90 GHz, since these are the portions of the spec-

trum allocated for public use in various countries [10]. Due to 

the lack of an offi cially accepted defi nition, these sub-bands 
will be henceforth referred to as mmW-60, mmW-70, mmW-80 

and mmW-90, respectively.

 The allocation of such frequencies began in 1995, with 

the release by FCC of the bands between 59 GHz and 64 GHz 

(subsequently extended from 57 GHz to 64 GHz) for commer-

cial wireless application, followed by 71 GHz to 76 GHz, 

81 GHz to 86 GHz, and 92 GHz to 95 GHz between 2003 and 

2005 (Figure 1) [11, 12]. However, according to the various 

national regulations, these bands are treated in different ways 

and have different availabilities.
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 In particular, mmW-60 is regulated by the FCC Code of 

Federal Regulation (CFR), Title 47, Part 15, for unlicensed 

operations [13], meaning that no application for license has to 

be made prior to the deployment of a service operating in this 

band. MmW-70 and mmW-80 are instead governed by CFR 

Title 47, Part 101 [14], for licensed operation. In particular, 

non-government bodies are allowed to apply for the registra-

tion of non-exclusive nationwide licenses for point-to-point and 

non-broadcast services. Potential users may apply for licenses 

covering the whole 5 GHz spectrum available in each of these 

two bands, as well as just for a portion of it. The 5 GHz of 

spectrum available in each of the mmW-70 and mmW-80 bands 

can therefore be used as a single, contiguous transmission 

channel, with no channelization requirements.

Figure 1. The bands allocated at millimeter-wave frequen-

cies by the FCC in the US [11, 12]. 

 Finally, it is worth mentioning that the mmW-90 band has 

a peculiar regulation. It includes a 100 MHz exclusion band 

between 94 GHz and 94.1 GHz that can be used exclusively for 

space research services and Earth exploration satellite ser vices 

[11]. Moreover, its unlicensed use under CFR, Title 47, Part 15, 

is allowed only for indoor applications. At the moment, this 

poses some limitations on the on-body communi cation systems 

that can be developed in the mmW-90 band, although most 

medical and home-entertainment applications would comply 

with the above-mentioned rule by their own nature. MmW-90 

can also be used for outdoor point-to-point links, but in this 

case, it falls under CFR Title 47, Part 101, in the same way as 

do mmW-70 and mmW-80. 

 Apart from the US, the scenario in the rest of the world 

is extremely varied at the present time. A reasonably good 

agreement among various national regulating bodies can be 

found only for the mmW-60 band [15]. The band plans and 

rules for various countries are summarized in Table 1. A sum-

mary of regulations and features of lower frequencies for body-

centric communication can be found in [16]. A summary of the 

available worldwide mmW-70, mmW-80, and mmW-90 bands 

[22, 23] is reported in Table 2.

 These four frequency bands give rise to different levels 

of interest for the development of future BANs. MmW-70 and 

mmW-80 are highly interesting as alternatives to fi ber optics 
for Gb/s long-range point-to-point communications. In fact, 

Table 2. The worldwide availability of millimeter-wave frequency 

bands.

Band MMW70 MMW80 MMW90

Frequency Range (GHz) 71-76 81-86 92-95 (US only)

Table 1. The regulation of unlicensed bands around 60 GHz.

Region
Frequencies 

[GHz]

Max 

Transmitted 

Power [mW]

Max Antenna 

Gain [dBi]

USA [13] 57-64 500 Not Specifi ed

Canada [17] 57-64 500 Not Specifi ed

Japan [18] 59-66 10 47

EU [19] 57-66 20 37

Australia [20] 59.4-62.9 10 47

South Korea [21] 57-64 10 TBD

various companies – such as AMS Technologies [23], Ceragon 
[24], and Bridgewave [25] – are already offering 70/80 GHz 

limitations and greater flexibility in the design of millimeter- 

communications. In contrast, free-space path losses – evalu ated 
( )π λ

distance in free space – make these frequencies less suitable for 

numerical simulations do not require extreme simplifications of 

each with specific advantages and drawbacks, making them 
suitable for handling specific classes of propagation problems. 

quency asymptotic techniques provide computationally effi-

In Geometrical Optics (GO), reflected and refracted fields 

the incident field to calculate the total field at a certain point 
in space. Although this method is able to very efficiently take 
into account multiple reflections and transmissions, it ignores 

and efficiently predict parameters such as the power delay 
profile (PDP) and the delay spread (DS). For this reason, ray-

techniques are computationally inefficient in solving equations 

body communication [33-35]. Specifically, three-dimensional 

were defined, and the radiation patterns of the antennas were 
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mmW-80 are highly interesting as alternatives to fiber optics 

Not Specified

Not Specified

various companies – such as AMS Technologies [23], Ceragon 
[24], and Bridgewave [25] – are already offering 70/80 GHz 
wireless backhaul solutions. Any BAN application developed 

in the mmW-70 and mm-80 bands would therefore be forced to 

compete with these existing services in terms of band usage.

 On the other hand, the reduced risk of competition with 

wireless backhaul services instead makes the mmW-60 and 

mmW-90 bands more interesting for body-centric applications. 

The same regulation of mmW-60 has been applied by the FCC 

to indoor applications working at mmW-90. This allows cost 

limitations and greater fl exibility in the design of millimeter- 
wave body-centric systems. In addition, losses due to the 

atmospheric absorption at the considered frequencies are neg-

ligible for the distances typically associated with body-centric 

communications. In contrast, free-space path losses – evalu ated 
according to the formula ( )20log 4 dπ λ  [26], with d being the 

distance in free space – make these frequencies less suitable for 
long-range links (Table 3).

3. Numerical Methods

 Numerical simulations are an extremely useful tool for 

the investigation of radio propagation around the human body. 

They provide a deeper understanding of the physics behind 

the data collected during measurements, while not suffering 

from the same repeatability issues. Unlike theoretical analyses, 

numerical simulations do not require extreme simplifi cations of 
the human body, thus affording the simulation of very real istic 

and accurate scenarios. 

 Various numerical methods are available in the literature, 

each with specifi c advantages and drawbacks, making them 
suitable for handling specifi c classes of propagation problems. 
The methods that appear to be particularly promising for the 

analysis of body-centric propagation at millimeter-wave fre-

quencies are discussed in the next sections.

3.1 Ray-Based Methods

 When propagation and scattering involve objects the 

dimensions of which are several wavelengths large, high-fre-

quency asymptotic techniques provide computationally effi -
cient, accurate solutions. Considerable attention has been 

dedicated to ray-based techniques for their implementation 

simplicity and ease of ability to be hybridized with other 

methods.

 In Geometrical Optics (GO), refl ected and refracted fi elds 
from and through surfaces are calculated according to the 

generalized Fermat law, and their contributions are added to 

the incident fi eld to calculate the total fi eld at a certain point 
in space. Although this method is able to very effi ciently take 
into account multiple refl ections and transmissions, it ignores 
the diffraction contributions from edges and curved surfaces. 

Such contributions can be calculated by means of the Uniform 

Theory of Diffraction (UTD) [27]. The combined use of Geo-

metrical Optics and the Uniform Theory of Diffraction pro-

vides a powerful tool for investigating electrically large objects 

with good accuracy and limited computational effort. A further 

advantage of ray-based techniques is their ability to accurately 

and effi ciently predict parameters such as the power delay 
profi le (PDP) and the delay spread (DS). For this reason, ray-
based techniques have been widely used in the electro magnetic 

analysis of indoor and urban outdoor scenarios, especially for 

the evaluation of signal coverage for mobile phones and other 

wireless networks [26, 28, 29]. Ray-based techniques have also 

been used to model the effects of the human presence on the 

indoor propagation channel [30, 31].

 Ray-based methods have recently been explored for the 

analysis of body-centric scenarios. Indeed, the human body is 

electrically large at millimeter-wave frequencies, and full-wave 

techniques are computationally ineffi cient in solving equations 
with a high number of unknowns. Cotton et al. [8] used a 

ray-based method to analyze short-range soldier-to-soldier 

com munications at 60 GHz. The use of Geometrical Optics/

Uniform Theory of Diffraction for on-body propagation was 

also investigated in [32].

 Several studies have been presented for evaluating the 

prediction accuracy of ray-based techniques applied to on-

body communication [33-35]. Specifi cally, three-dimensional 
numerical models composed of facets were considered, the 

electromagnetic properties of human tissues and fabrics 

were defi ned, and the radiation patterns of the antennas were 
applied to the transmitter and receiver, as indicated in Fig-

ure 2a. Figure 2b shows the ray-optical paths computed in this 

Table 3. Atmospheric absorption and free-space path loss at 94 GHz 

and 60 GHz for body-centric communication Links.

Communications 

Range [m]

Atmospheric 

Absorption [dB]

Free-Space Path 

Loss [dB]

94 GHz 60 GHz 94 GHz 60 GHz

0.3 1.5e-4 6e-3 61 58

1 5e-4 2e-2 72 68

5 2.5e-3 1e-1 86 82

10 5e-3 2 92 88
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Figure 2. A possible simulation setup (a), and ray tracing 

paths on the waist-to-chest link (b).

a)

b)

model when considering direct-, refl ected-, and diffracted-ray 
contributions.

 Comparisons among measurements carried out on a real 

human subject and simulations performed on several numerical 

phantoms were provided for different links, as will be shown 

in Section 6 of this paper. According to these studies, ray-

based techniques are suffi ciently reliable for analyzing wire less 
body-centric communication-link scenarios. However, several 

factors, such as the modifi ed radiation pattern of the antennas 
placed in proximity to the human body, and mecha nisms of 

guided propagation through the clothing layers, have to be 

carefully taken into account. 

3.2 Finite-Difference Time-Domain (FDTD)

 Introduced by Yee in 1966 [36], the Finite-Difference 

Time-Domain method has quickly become the preferred tech-

nique for the analysis of on-body and intra-body propagation at 

frequencies up to X band [37-42]. The FDTD is based on the 

iterative solution of the discretized Maxwell’s equations in the 

time domain [43]. It has several advantages that make it highly 

suitable for addressing propagation scenarios involving the 

human body. The FDTD is able to handle inhomogeneous 

media very effi ciently, and its computational complexity is 
( )O N , where other methods have an ( )logO N N    complex-

ity or higher. Scenarios involving dispersive materials can be 

easily analyzed. Moreover, being a time-domain method, 

wideband results can be obtained from only one simulation [44] 

by accurately defi ning a proper time-domain excitation source. 
Realistic antennas can be simulated by using the Equivalence 

Principle [45]. An interesting advantage of the FDTD is the 

possibility of being parallelized [43-47] in order to handle 

larger electrical problems. Indeed, as mentioned above, some of 

the main concerns in simulating millimeter-wave on-body links 

are the huge relative dimensions of the human body, 

consequently necessitating a very large number of discretization 

cells. However, the investigated geometry can be divided into 

sub-blocks, and each of them separately ana lyzed (Figure 3). 

On the other hand, the FDTD presents some drawbacks. The 

direct application of the FDTD to on-body millimeter-wave 

propagation is limited by the fact that the investigated volume 

has to be discretized with cubic cells having dimensions of 

10λ  or smaller. Due to the electrically large dimensions of the 

human body, the number of unit cells necessary to discretize a 

whole human phantom is therefore of the order of 1110 , thus 

requiring computational resources that exceed most of those 

commercially available at the time of writing, even if a parallel 

implementation is used. One more limitation of the FDTD is the 

approximation of curved sur faces, due to the “staircasing” 

caused by the use of cubic cells.

 However, these considerations notwithstanding, the 

FDTD remains a useful tool for analyzing shorter links that 

only require modeling a small part of the human body, as is 

shown in Section 6 of this paper. 

unknown coefficients represent the surface currents. The most 

depicted in Figure 4. This method is particularly efficient when 

have been obtained, far-field quantities, such as the radiation 

σ ωε

media and lossy dielectrics, although possible, significantly 

much less efficient than other full-wave techniques. In fact, the 

( )
difficult to parallelize, thus making it unable to handle 

to the analysis of on-body propagation for only a few specific 

• Measurements on phantoms mimicking the charac-

• Numerical simulations on detailed numerical mod-
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model when considering direct-, reflected-, and diffracted-ray 

based techniques are sufficiently reliable for analyzing wire less 

factors, such as the modified radiation pattern of the antennas 

media very efficiently, and its computational complexity is 
( ) ( )  

by accurately defining a proper time-domain excitation source. 

10λ

3.3 Method of Moments (MoM)

This technique is based on the solution of the integral form 

of Maxwell’s equations over the boundaries of the inves tigated 

scenario [48]. The equations are projected over a set of basis 

functions, thus obtaining a linear system of equations where the 

unknown coeffi cients represent the surface currents. The most 
well-known formulation is the one proposed by Rao, Wilton, 

and Glisson [49], which uses a set of triangular basis functions 

to discretize the surface currents over an arbitrary surface, as 

depicted in Figure 4. This method is particularly effi cient when 
dealing with domains having a high volume-to-surface ratio, 

since it does not require solving Maxwell’s equations over all of 

the investigated volume. Moreover, once the surface currents 

have been obtained, far-fi eld quantities, such as the radiation 
pattern or the radar cross section (RCS), can be directly 

calculated. MoM can be easily applied to structures made either 

of good conductors (σ ωε ) or being well described by an 

impedance boundary condition [50]. However, this method 

suffers from several disadvantages when dealing with on-body 

propagation. The solution of problems involving inhomogeneous 

media and lossy dielectrics, although possible, signifi cantly 
increases the computational complexity, thus making the MoM 

much less effi cient than other full-wave techniques. In fact, the 
classical MoM formu lation has an ( )2

O N  complexity and is

diffi cult to parallelize, thus making it unable to handle 
electrically large objects. For these reasons, it has been applied 

to the analysis of on-body propagation for only a few specifi c 
problems [51-53].

4. Experimental and Numerical
Human Phantoms

 Measurement campaigns on human subjects are a valid 

and widely used tool to investigate propagation around the 

human body. However, they are very time consuming, are lim-

ited by the safety and comfort of the subject, and have poor 

repeatability. In order to overcome these issues, alternative 

investigation methods can be used:

• Measurements on phantoms mimicking the charac-
teristics of human tissues;

• Numerical simulations on detailed numerical mod-
els of the human body.

These types of phantoms are described in the following sub-

sections.

 In general, electromagnetic properties of human tissues 

vary with frequency. In order to accurately model or manu-

facture human phantoms, the dispersive characteristics of 

dif ferent tissues therefore have to be considered, as shown in 

Table 4.

Figure 3. Th sliced human body model (a), and the parallel 

FDTD computational domain analyzed by several proces-

sors operating in parallel (b).

a)

b)

Figure 4. Triangular base functions for the MoM.
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4.1 Experimental Phantoms

 The human body is composed of several types of tissues, 

which exhibit different electromagnetic properties. Accurate 

inhomogeneous phantoms can be manufactured by reproduc-

ing both the geometry and the electromagnetic characteristics 

of human tissues with the use of proper dielectric materials. In 

practice, designing heterogeneous phantoms is very challeng-

ing, and therefore equivalent homogeneous models have 

been used in most of the studies. Experimental phantoms 

have been extensively used at frequencies up to 11 GHz for a 

varied range of purposes, from the development of X-ray and 

mag netic-resonance imaging (MRI) applications to Specifi c 
Absorption Rate (SAR) evaluation [38]. At frequencies up to 

10 GHz, homogeneous phantoms have been used to accurately 

evaluate antenna-parameter distortions [38, 55], and for the 

characterization of the propagation channel in a reproducible 

and well-controlled manner [56]. Usually, a weighted average 

of the electrical properties of the various tissues involved in the 

propagation or dosimetry analysis is considered [57].

 However, due to the shallow penetration depth in the 

body at millimeter-wave frequencies [9], homogeneous skin-

equivalent phantoms can be successfully used for numerical and 

experimental antennas and propagation studies. This is clearly 

demonstrated in Figure 5, which depicts the power refl ection 
coeffi cient for a fl at, homogeneous and a multilayer phantom.

 Many different phantoms have been proposed. However, 

they can all be placed into one of three main categories, 

according to their state: liquid, semisolid, or solid phantoms.

 Liquid phantoms are widely used in SAR evaluation. They 

consist of a container fi lled with a liquid exhibiting the required 
dielectric properties. The shape of the container is often made 

similar to the body or to part of it, as depicted in Figure 6. The 

IEEE provides recommendations for the phan toms to be used 

in the evaluation of SAR from handheld wire less devices [59]. 

To the best knowledge of the authors, liquid phantoms are only 

available for frequencies up to 6 GHz.

 The need for a container can be avoided by using semi-

solid or solid phantoms. In the former case, a coagulant agent 

is added to the liquid in order to create a gel-type material 

Table 4. The dielectric permittivities and electric conductivities of

different human tissues as functions of frequency [54].

Tissue
Relative Dielectric Permittivity Electric Conductivity [S/m]

94 GHz 60 GHz 2.5 GHz 94 GHz 60 GHz 2.5 GHz

Dry Skin 5.79 7.97 37.95 39.18 36.39 1.48

Muscle 9.02 12.8 52.66 61.4 52.82 1.77

Fat 2.91 3.13 5.27 3.47 2.81 0.10

Blood 8.65 12.27 58.18 62.43 54.71 2.58

Figure 5 . The computed power refl ection coeffi cient at the 
air/phantom interface for different models at 60 GHz: ● 
homogeneous skin model (with dry skin properties from 

[58]); ▬▬ 15 μm thick stratum corneum (SC) and under
lying homogeneous skin tissue; ■ 15 μm thick SC, the rest 
of epidermis and dermis (1.45 mm-thick), and fat. Perpen-

dicular (parallel) polarization denotes the E fi eld perpen
dicular (parallel) to the plane of incidence.

capable of retaining a given shape without external support. For 

water-based phantoms, the main disadvantage is their lim ited 

lifespan. In fact, due to the high water content, they are prone to 

the growth of fungi, and gradually dehydrate with a consequent 

degradation of their electrical properties.

 The fi rst semisolid phantom was proposed in [61], where a 

mixture of de-ionized water, sodium chloride, TX-150, and 

polyethylene powder was used to simulate fat and muscles 

between 200 MHz and 1 GHz. Other mixtures were later 

introduced, aimed at expanding the frequency range [62], or 

improving the phantom’s lifespan [63]. Although the majority 

of the phantoms available in the literature presented accurate 

behaviors at frequencies up to 11 GHz, an experimental 

homogeneous human-skin-equivalent semisolid phantom, cov-

ering the 55-65 GHz range with 10%±  error compared to the 

target values of the dry skin ( 7.98 10.9jε ∗ = − at 60 GHz) was 

recently proposed in [64, 65]. The main constituents of the 

ε ∗ = −

production of highly realistic body-specific shapes, as illus-

When internal field measurements are not required, dry 

gating the interaction of the electromagnetic field with the 

6 GHz, based on various materials including carbon fibers and 

tissues are identified, and the relevant permittivity and 
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mag netic-resonance imaging (MRI) applications to Specific 

demonstrated in Figure 5, which depicts the power reflection 
coefficient for a flat, homogeneous and a multilayer phantom.

consist of a container filled with a liquid exhibiting the required 

Figure 5 . The computed power reflection coefficient at the 
air/phantom interface for different models at 60 GHz: ● 

[58]); ▬▬ 15 μm thick stratum corneum (SC) and under
lying homogeneous skin tissue; ■ 15 μm thick SC, the rest 

dicular (parallel) polarization denotes the E field perpen

The first 

±
ε ∗ = −

phantom were de-ionized water, agar, polyethylene powder, 

TX-151, and sodium azide ( 3NaN ). The phantom’s complex 

permittivity, measured at 60 GHz, was 7.4 11.4jε ∗ = − . Two 

methods were used for its characterization: a temperature-based 

technique [66], and a coaxial probe [64, 67]. The fabri cation 

technique was described in detail in [65]. It allowed the 

production of highly realistic body-specifi c shapes, as illus-
trated in Figure 7. The lifetime of such phantoms is typically 

one week.

 When internal fi eld measurements are not required, dry 
solid phantoms can be used. They are best suited for investi-

gating the interaction of the electromagnetic fi eld with the 
body’s surface, and for on-body propagation analysis. Unlike 

liquid and semisolid phantoms, they allow coexistence of het-

erogeneous tissues in the same volume.

 Solid phantoms have been proposed at frequencies up to 

6 GHz, based on various materials including carbon fi bers and 
silicon rubber (Figure 8) [68], ceramic and graphite powder 

[69], and a conductive plastic [70]. Although they have a 

longer lifespan than semisolid phantoms, they are also more 

expensive, and require advanced complex manufacturing proc-

esses involving extremely high pressures and temperatures.

Figure 6. Shells for  liquid phantoms (reproduced from [60]).

Figure 7. A skin-equi valent phantom representing an arm 

and a hand: (left) a human arm used to make a realistic 

mold; (right) the phantom.

Figure 8. Solid phantoms made of carbon-loaded silicon 

rubber (reproduced from [60]).

4.2 Numerical Phantoms

 As already mentioned, numerical simulations are an 

extremely powerful tool in the analysis of body-centric com-

munications. They require a digital representation of the 

human body suitable for the chosen numerical technique. They 

range from simple geometrical shapes, such as cylinders and 

parallelepipeds, to accurate geometrical models realized by 

means of imaging techniques. The various phantoms proposed 

in the literature can be divided into three main groups: volu-

metric, surface, and statistical phantoms.

 Volumetric phantoms are the most common class of phan-

toms. They are usually obtained by means of MRI or computed 

axial tomography (CAT) scans, or by dissection of human 

cadavers. This allows the accurate modeling of both the shape 

and internal composition of the human body. The differ ent 

tissues are identifi ed, and the relevant permittivity and 
conductivity are subsequently assigned to each of these, as 

depicted in Figure 9. The volume is usually discretized into 

three-dimensional homogeneous unit cells called voxels (a 

contraction of “volumetric pixel”): the size of the voxel thus 

sets the resolution of the model. One of the most widely used 

models is Hugo [71], obtained from the corpse of a 38-year-old 

Caucasian, as shown in Figure 10a. This phantom has a 

volumetric resolution of 31 mm , and has 40 different types of 
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Figure 9. The generation of a human-body phantom from 

an MRI scan (reproduced from [72]).

Figure 10. Volumetric human phantoms: (a) the Hugo 

model, and (b) the Virtual Family (reproduced from [73]).

a)

b)

tissues identifi ed. Many other models are available, obtained 
from subjects differing in sex, age, and ethnicity, as depicted in 

Figure 10b. These models are particularly suited for numerical 

simulations with FDTD, since this technique requires the 

discretization of the computational domain in hexahedral cells. 

On the other hand, a detailed representation of the inner tissues 

is not necessary when analyzing the propa gation around the 

body at millimeter-wave frequencies: as already mentioned, the 

electromagnetic fi eld interacts almost exclusively with the skin 
layer. 

 Surface phantoms represent only the external surface of 

the human body. They can be obtained by means of laser body 

scanners from a human subject (Figure 11a), or by using com-

puter-aided design (CAD) software (Figure 11b). They can also 

be extracted from the above-mentioned volumetric phan toms. 

Surface models are best suited for Method of Moment (MoM) 

or ray-based techniques, although a homogeneous volumetric 

phantom for FDTD can be obtained from a surface phantom by 

applying voxelization software to the latter, such Binvox [74].

 Statistical phantoms in fact represent a particular class 

of surface phantoms developed by Lee et al. [72], aimed at 

developing a fast and inexpensive technique for generating 

subject-specifi c phantoms. Although the effects of subject-
specifi city on on-body propagation have been demonstrated 
[39], the production of a digital phantom from MRI is in fact 

expensive, time consuming, and often stressful for the subject. 

Laser scanners are faster and more comfortable, but the cost 

of such a system is extremely high. In order to overcome this 

issue, a statistical whole-body model was derived from a set 

of 10 male and 10 female MRI scans by using an algorithm to 

instantiate new surface phantoms with the parameters allowed 

by the training set. Five models with different sizes are shown 

in Figure 11c.

5. Antennas for On-Body Applications

 Antennas are a key point in the design of body-centric 

wireless systems. They are required to guarantee a satisfactory 

power transfer between nodes placed on different parts of the 

body, as well as communication with off-body devices. On-

body antennas should also be compact and light weight, possi-

bly allowing for integration with clothes and garment accesso-

ries. However, as already proven in the 400 MHz to 10 GHz 

range [38], when placed on or in close proximity to the human 

body, antennas experience detuning, radiation-pattern distor-

tion, and changes in the input impedance and effi ciency. Hence, 
in order to minimize the infl uence of the body on antenna 
performance, antennas should be designed to operate robustly 

in close proximity to the human body.

5.1 60 GHz Wearable Antenna Requirements

 Common requirements for wearable antennas consist of 

being low profi le, light weight, and conformal to the body’s 

body, thus giving good BAN-to-BAN and BAN-to-a-fixed-

size and gain performance compared to some other end-fire 

designed with a driven dipole, 18 directors, and one reflector, 

ε =

ε =

c)
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tissues identified. Many other models are available, obtained 

electromagnetic field interacts almost exclusively with the skin 

subject-specific phantoms. Although the effects of subject-
specificity on on-body propagation have been demonstrated 

tion, and changes in the input impedance and efficiency. Hence, 
in order to minimize the influence of the body on antenna 

being low profile, light weight, and conformal to the body’s 

surface. Wearable antennas also need to be insensitive to being 

situated in close proximity to the human body, need to mini-

mize the exposure of users to radiation, and need to have a 

radiation-pattern shape that minimizes the path-link loss [75]. 

At 60 GHz, the propagation losses in free space are quite high, 

and, according to on-body channel measurements performed 

by using monopole antennas, typical path losses on the human 

body vary between 57 dB and 88 dB, depending on the link 

[76]. This makes establishing a reliable communication link on 

a human body challenging, as the links have to be short and 

unobstructed. High antenna gain is therefore required to boost 

the signal. Based on on-body channel-measurement results 

and path-loss calculations, at least 10 dBi gain is required at 

both the transmitter and receiver for a line-of-sight path of 

length implied by typical human-body dimensions. For on-

body communications, the maximum of the radiation pattern 

should be tangential to the body’s surface to maximize coupling 

between body-worn devices, except for wearable antennas 

radiating outward when establishing an off-body link. Previous 

studies showed that a monopole antenna gives very good results 

for on-body applications at lower frequencies [75], but it does 

not provide high enough gain, required in the 60 GHz band. 

Metamaterial structures have been proposed to improve the 

gain [77]. Such high-gain antennas can lead to better secu rity, 

as they minimize the amount of energy radiated away from the 

body, thus giving good BAN-to-BAN and BAN-to-a-fi xed-
base-station isolation.

5.2 Wearable Yagi-Uda Antennas for 
On-Body Communications

 For the aforementioned reasons, Yagi-Uda antennas have 

been proposed as an appropriate candidate for on-body com-

munications. In fact, they afford a good compromise in terms of 

size and gain performance compared to some other end-fi re 
antennas, such as tapered-slot antennas. Figure 12 shows a 

printed Yagi-Uda array that consists of four single Yagi-Uda 

linear arrays [78]. Each single printed Yagi-Uda array was 

designed with a driven dipole, 18 directors, and one refl ector, 
each printed on both sides of a 0.127 mm thick RT/Duroid 5880 

substrate ( 2.2rε = ). There therefore is no ground plane in the 

antenna’s structure. One half of each driven dipole is placed on 

either side of the dielectric substrate. Symmetrical parallel lines 

are used as a feeding structure, printed on both sides of the 

substrate. 

The polarization of this antenna is parallel to the sub strate. 

A 10 dB impedance bandwidth, from 55 GHz to 60 GHz, was 

achieved. The measured gain was 15 dBi at 60 GHz. The 3 dB 

beamwidths of this antenna in free space were 29° and 19° in 

the H and E planes, respectively.

 Another type of Yagi-Uda antenna was proposed for on-

body communications at 60 GHz (Figure 13 [79]). A substrate-

integrated waveguide (SIW) structure was placed on the left 

side of the antenna; two periodic rows of metallic vias formed 

the waveguide sidewalls. The substrate used here was RT/

Duroid 5880 substrate ( 2.2rε = ), with a thickness of 0.787 mm. 

Figure 11. Surface phantoms: (a) from a laser scan, (b) from 

a CAD model, (c) statistical body shapes (reproduced from 

[72]).

b)a)

c)

Figure 12. A bottom view of the printed Yagi-Uda array.
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The width of the substrate-integrated waveguide was 1 2.6w =
mm. The diameter and spacing of the vias were 1 0.4d = mm 

and 0.65q = mm, respectively. Another row of vias with a 

diameter of 2 0.3d = mm was also inserted into the substrate to 

act as directors. The vias were loaded at the top and bottom with 

printed strips to make sure that the equivalent length of the 

directors was a half-wavelength. As high currents fl owed in the 
vias of the parasitic elements, the radiated polarization was 

normal to the substrate, unlike the printed Yagi array described 

earlier, which was horizontally polarized. The measured gains 

without and with the phantom were 12.5 dBi and 10 dBi, 

respectively. The 3 dB beamwidths of this antenna in free space 

were 26° and 25° in the H and E planes, respectively.

 Antenna measurements with a body-tissue phantom and a 

real human body were done to investigate the performance of 

both antennas in close proximity to the human body [80]. Note 

that there was no ground plane between the antenna and the 

phantom. Figure 14 shows the co-polarized radiation pattern 

of the printed Yagi-Uda array in proximity to a phantom. The 

solid and dashed curves show the radiation patterns measured 

in free space and simulated in close proximity to a numerical 

skin phantom, respectively. The dotted curve and the dash-

dotted curves represent the radiation patterns measured in close 

proximity to the fresh meat and the physical skin phan tom [64], 

respectively. The measured maximum gains obtained with the 

phantom in the H and E planes were around 18 dBi and 15 dBi, 

respectively. Due to the presence of the phantom, the main beam 

of the radiation pattern in the H plane was lifted upwards away 

from the phantom by about 12°. In the E plane, all normalized 

radiation patterns showed good agreement. 

 Although different types of phantoms were used, the 

results showed good agreement with each other. However, due 

to the smaller size of the numerical phantom used in the simu-

lation, the beamwidth of the simulated pattern was wider and 

the shift of the maximum gain direction was smaller.

5.3 Microstrip Patch Array for 
Off-Body Communications

 Patch antennas are simple, low-profi le, light weight, 
and low-cost structures, and their broadside radiation allows 

improving the power-budget link and reducing radiation 

towards the body. For these reasons, patch antennas are very 

attractive solutions for off-body communications.

 A microstrip-fed four-patch single-layer antenna array 

(Figure 15), printed on a thin RT Duroid 5880 substrate

( 127h = μm, 2.2rε = , tan 0.003δ = ) was proposed in [81]. A 

2×2 antenna array allowed reaching a gain of 12 dBi with about 

the same beamwidth in the E and H planes. The antenna’s 

performance was investigated with and without a phantom. The 

simulated and measured radiation patterns, obtained both in 

free space and with a skin-equivalent phan tom, are shown in 

Figure 16. The measured gain, directivity, and effi ciency in free 
space and on the skin-equivalent phan tom are summarized in 

Table 5. Compared to end-fi re radiat ing antennas, the effects of 
the phantom on the broadside-radi ating antennas was much less 

pronounced, and the antenna performance was nearly insensitive 

to the presence of a phan tom. This was due to the antenna 

essentially radiating in a direction opposite to the phantom, and 

the radiating element being shielded from the body by a ground 

plane.

5.4 Textile Antenna at 60 GHz

 Textile antennas have been extensively studied over 

the last few years since they guarantee fl exibility and can be 

Figure 13. A schematic drawing of the SIW Yagi-Uda 

antenna (reproduced from [80]).

Figure 14. The radiatio  n patterns of the printed Yagi-Uda 

array in close proximity to the phantom: (a, top) the E plane 

(xy); (b, bottom) the H plane (xz).

are of great importance to designing high-efficiency antennas 

order of 10 μm was reported. Several prototypes were fabri-
cated and measured in reflection and radiation under various 
conditions. The simulated and measured antenna efficiencies 

employed to avoid unwanted reflections from the V connector. 
In order to increase the antenna’s gain and efficiency, the feed 

12.6 dBi gain and 75% efficiency could be achieved, according 

Furthermore, the influence of bending was investigated 

bending had a small impact on the reflection coefficient and 

shirt). In the presence of a phantom, the reflection coefficient 

fluctuate in practice, due to body movements. Figure 20 pre-

the off-body transmissions, confining the energy in proximity 

Table 5 Measured gains, directivities, and efficiencies.

Efficiency 
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2.6=
0.4=

0.65=
0.3=

directors was a half-wavelength. As high currents flowed in the 

Patch antennas are simple, low-profile, light weight, 

127= μm, 2.2ε = 0.003δ =

Figure 16. The measured gain, directivity, and efficiency in free 

Table 5. Compared to end-fire radiat ing antennas, the effects of 

the last few years since they guarantee flexibility and can be 

directly integrated into clothing. Developing millimeter-wave 

textile antennas is a technological challenge, since high fabri-

cation accuracy is required. Moreover, to facilitate the com-

mercialization of textile antennas, the choice of the substrate 

should be limited to commonly used fabrics. For millimeter 

waves, the textile substrate should be properly selected and 

characterized, as its thickness, permittivity, and loss tangent 

are of great importance to designing high-effi ciency antennas 
with satisfactory performance. Recently, it was demonstrated 

that commercial textiles can be used as antenna substrates at 

60 GHz [82, 83].

 A reproducible and accurate on-textile fabrication proc-

ess was developed, and a microstrip-fed four-patch single-

layer antenna array, printed on a 0.2 mm-thick textile, was 

proposed [83] (Figure 17). A dimensional tolerance of the 

order of 10 μm was reported. Several prototypes were fabri-
cated and measured in refl ection and radiation under various 
conditions. The simulated and measured antenna effi ciencies 
were 45% and 41%, respectively. However, high losses were 

due to the presence of the 15.2 mm-long feed line (i.e., 3.3 dB), 

employed to avoid unwanted refl ections from the V connector. 
In order to increase the antenna’s gain and effi  ciency, the feed 
line could be shortened or even suppressed (e. g., by excitation 

of the array at its center). In this last case (no feed line), a 

12.6 dBi gain and 75% effi ciency could be achieved, according 
to the numerical estimations. In addition, comparison between 

measurements in free space and on a skin-equivalent phantom 

showed that the human body has a very weak impact on the 

antenna’s performance. This can be explained by the presence 

of an electrically large ground plane. 

 Furthermore, the infl uence of bending was investigated 
numerically and experimentally. It was demonstrated [83] that 

bending had a small impact on the refl ection coeffi cient and 
antenna gain. 

 A microstrip-fed Yagi-Uda textile antenna (Figure 18) 

was proposed in [82]. The structure was made of a driven 

dipole and 10 directors, printed on the top layer of a textile 

substrate (here, a 0.2 mm-thick fabric obtained from a cotton 

shirt). In the presence of a phantom, the refl ection coeffi cient 
was slightly affected, as illustrated in Figure 19. Different 

antenna-to-phantom spacings were considered, as they may 

fl uctuate in practice, due to body movements. Figure 20 pre-
sents the simulated radiation pattern for different spacings, d, 

demonstrating that the maximum gain, the gain at broadside, 

and the tilt angle decreased with d.

5.5 Woodpile EBG-Based Antennas

 As discussed above, antennas that exhibit an omnidirec-

tional pattern in the plane parallel to the body and a narrow 

beam in the orthogonal plane are suitable for use in on-body 

communications. Indeed, such antennas reduce losses due to 

the off-body transmissions, confi ning the energy in proximity 

Figure 16. The measured and simulated radiation patterns 

at 60 GHz in the E (a, top) and H (b, bottom) planes.

Figure 15. The antenna array mounted on a cylindrical 

skin-equivalent phantom (the total antenna size without 

connector was 8 mm × 20 mm).

Table 5 Measured gains, directivities, and effi ciencies.

Gain 

[dBi]

Directivity 

[dBi]

Effi ciency 
[%]

In free space 11.8±0.3 13.9±0.3 62

Physical phantom 11.9±0.3 14.1±0.3 60
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Figure 20. The simulated co-polarization components on 

the phantom at 60 GHz for three different antenna/body 

separations, d: (a, top) H plane, (b, bottom) E plane.

Figure 17. The textile antenna array mounted on a paral-

lelepiped skin-equivalent phantom.

Figure 18. The antenna design: (a, top) the antenna proto-

type placed on a foam support and fed by a V connector 

for measurement purposes; (b) the antenna geometry and 

dimensions (mm) (reproduced from [82]).

Figure 19. The simulated and measured refl ection coeffi 
cients of the textile antenna for different antenna/body 

distances, d.

reflectors, or lenses, the concept of a partially reflecting reso-

posed in [85]. In particular, both a flat and a cylindrical antenna 

= =

stacking perpendicular filaments that were not interleaved. In 
=

=

electric field polarized along the axis of the cyl inder. Three-

= = =
=

=
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Figure 19. The simulated and measured reflection coeffi

to the human body. On the other hand, antennas that exhibit 

high directivity in the plane orthogonal to the human body are 

suitable for body-to-body and off-body communications. In 

order to improve the directivity without resorting to arrays, 

refl ectors, or lenses, the concept of a partially refl ecting reso-
nator, introduced by Trentini [84], was used. The original 

design of a woodpile antenna, operating at 94 GHz, was pro-

posed in [85]. In particular, both a fl at and a cylindrical antenna 
were designed for on-body communications and off-body 

communications, respectively. The unit cell and the peri odic 

structure of the woodpile EBG resonator used for the pla nar 

and the cylindrical antenna are shown in Figure 21.

The planar woodpile structure consisted of stacked diffrac-

tion gratings, in which adjacent layers were perpen dicular to 

each other (Figure 21a). The dimensions of the unit cell were 

1.67l = mm and 0.41d = mm. This structure pos sessed face-

centered tetragonal symmetry, and provided a full three-

dimensional bandgap. The unit cell of the cylindrical woodpile 

(Figure 21b) differed from the planar woodpile in the form of 

stacking perpendicular fi laments that were not interleaved. In 
this case, the dimensions of the unit cell were 1.23l = mm and 

0.41d = mm. Although the new structure did not exhibit a full 

three-dimensional bandgap, the cavity was excited by an 

electric fi eld polarized along the axis of the cyl inder. Three-
dimensional microwave periodic structures can be realized 

using conventional machining techniques that how ever are not 

suited for millimeter-wave frequencies, as the dimensions of 

the geometries are small, typically of the order of fractions of a 

millimeter. More-sophisticated techniques, such as silicon 

lithography, are available, but they are better suited for terahertz 

and optical wavelengths. In this case, the woodpile structure 

can be produced by using a rapid and cost-effective extrusion 

free-forming technique, as presented in [86].

The design of the two antennas has been extended in order 

to change the operating frequency at 60 GHz [77, 87, 88]. By 

referring to Figure 21, the unit cell of the planar structure 

exhibited 2.17l = mm and 0.54d = mm, while 1.8l = mm and 

0.6d = mm for the cylindrical structure.

 Figure 22 shows the planar resonant antenna, which con-

sisted of a WR15 waveguide, the woodpile structure, and a 

ground plane. By using the woodpile, the maximum directivity 

was increased more than 10 dB compared to the open waveguide. 

This antenna was proposed for off-body communi cations.

 The cylindrical-resonator antenna was proposed for on-

body communications, as shown in Figure 23. A woodpile 

cylindrical resonant cavity is applied to the monopole-like 

feeder, which exhibited the following dimensions: 2.1dh =

Figure 21. Woodpile EBG structures: (a, top) the unit cell 

and periodic structure for the planar woodpile; (b) the unit 

cell and periodic structure for the cylindrical woodpile 

(reproduced from [77]).

Figure 22. The planar resonant antenna: (a, top) the 

antenna’s structure; (b, bottom) the radiation pattern at 

60 GHz for the waveguide (left), and for the planar reso nant 

antenna (right) (reproduced from [77]).
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Figure 23. The cylindrical resonator antenna and its radia-

tion pattern (reproduced from [77]).

Figure 24. The antenna over a  dry-skin digital phantom.

Figure 25. The radiation pattern on a dry-skin digital 

phantom (reproduced from [88]).

mm, 9.5cp = mm, and 1.3ch = mm. The maximum directivity 

was improved by more than 5 dB compared to a conventional 

monopole antenna. 

The performance of the antenna placed close to the human 

body was investigated. This operating environment can have 

a potentially disruptive effect on the free-space antenna’s 

characteristics. To this aim, the antenna was simulated in 

proximity to a 60 mm × 60 mm digital phantom, having the 

electrical properties of skin at 58 GHz (Figure 24). The in 

situ radiation pattern obtained is shown in Figure 25. It could 

be readily seen that it was similar to that for free space, and 

retained the maximum directivity in the plane parallel to the 

surface of the phantom. This was due to the limited radiation 

along the axis of the cylinder, which reduced the interaction 

with the underlying tissues. A prototype of the cylindrical 

antenna was fabricated, and is shown in Figure 26.

5.6 Reconfi gurable Antenna

 A reconfi gurable antenna is useful in minimizing 
unwanted illumination of the wider body area whilst over-

coming the fading or shadowing resulting in the loss of line-of-

sight paths by switching its radiation pattern’s beam direction. 

This strategy also leads to higher security, as the energy can 

be confi ned to the immediate vicinity of the body, thus giving 
good body-to-body and on-body-to-off-body receiver isola-

tion. If and when required, such on-body antennas can switch 

to an outward-facing beam. This has long been an aspiration 

for microwave on-body communications; however, the low 

directivity of small antennas prevents them from being practi-

cally realized at lower frequencies (e.g., at 2.4 GHz). Never-

theless, this idea can be realized at 60 GHz because of the 

small size of the antennas and the wide available bandwidth. 

Due to the wideband unlicensed spectrum around 60 GHz, the 

frequency-scanning technique is the easiest way to implement 

the pattern reconfi gurability for propagation-channel meas-
urements. Although implementing this approach in on-body 

communications may require more signal processing and add 

to the system complexity, it can still be benefi cial in some spe-
cial cases, where beam reconfi gurability is required only on 
one side of the link and a fi xed-beam wideband antenna can be 
used on the other side, so that the frequency of operation can 

be varied in order to steer the beam as required by the channel 

conditions.

 A substrate integrated-waveguide frequency-scanning 

antenna was proposed for this application (Figure 27). There 

were multiple slot pairs on the top metal layer of the substrate-

pairs introduced reflection cancellation to improve the realized 

− °

body was superficial, and the dosimetric techniques avail able at 

implemented at 60 GHz to investigate the specific absorption 

the superficial temperature dynamics recorded using a high-

phantom antenna efficiency [89].
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5.6 Reconfigurable Antenna

A reconfigurable antenna is useful in minimizing 

be confined to the immediate vicinity of the body, thus giving 

the pattern reconfigurability for propagation-channel meas-

to the system complexity, it can still be beneficial in some spe-
cial cases, where beam reconfigurability is required only on 
one side of the link and a fixed-beam wideband antenna can be 

integrated waveguide. Quarter-guided-wavelength-spaced slot 

pairs introduced refl ection cancellation to improve the realized 
gain. This also achieved a wide impedance bandwidth, from 

57 GHz to 64 GHz. Since this was a traveling-wave antenna, 

higher power was consumed compared to resonant antennas. 

By scanning the frequency, the main beam of the radiation 

pattern was accordingly scanned. The coverage angle was from 

30− °  to 30° for both ports, but with a null at the center (0°). 

The measured radiation pattern is shown in Figure 28 when one 

port was excited. The gain of antenna was approxi mately 

15 dBi. 

For the considered frequencies, the power absorption in the 

body was superfi cial, and the dosimetric techniques avail able at 
lower microwave frequencies could not be used at mil limeter 

waves. A multi-physics dosimetric approach was recently 

implemented at 60 GHz to investigate the specifi c absorption 
rate (SAR), incident power density (IPD), and power density 

(PD) in the phantom. These characteristics were retrieved from 

the superfi cial temperature dynamics recorded using a high-
resolution infrared camera [81].

 As an application example, the local peak SAR and inci-

dent power density distributions were simulated and experi-

mentally determined for the microstrip patch antenna array (see 

Section 5.3) placed 5.6 mm above the phantom [81]. The 

experimental and numerical results were in very good agree-

ment (Figure 29). It was also demonstrated that for the consid-

ered scenario, even the relatively high input power of the 

antenna (up to 550 mW for an antenna/body separation of 

1 mm) resulted in exposure levels that were below interna tional 

exposure guidelines (i.e., 220 mw/cm  averaged over 21 cm ). It 

is worthwhile to underline that in practice, the antenna’s input 

power is expected to be restricted to several tens of mW to 

comply with the regulations (see Table 1), and to reduce the 

power consumption of battery-powered sensors. This dosimetric 

technique can be also used for the determina tion on the on-

phantom antenna effi ciency [89].

 Bioelectromagnetic issues related to the exposure of users 

are out of the scope of this paper. They were studied elsewhere 

(e.g., [90-92]), and have recently been reviewed in a separate 

paper [9].

6. Propagation Channel Characterization

Path-loss characterization is a fundamental step in the

analysis of the on-body propagation channel. A review of 

some recent studies performed for different links of interest is 

presented in the next sections.

6.1 Head-to-Shoulder Link

 The head-shoulder link was investigated in [33, 34], 

using a ray-based technique. In particular, a numerical model 

Figure 26. The fabricated prototype: (a, top) the complete 

antenna, and (b, bottom) the feeding structure.

Figure 27. The prototype of the substrate-integrated 

waveguide-slot antenna.

Figure 28. The radiation pattern for the substrate-inte-

grated waveguide-slot antenna.
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composed of facets was considered, and the dielectric proper-

ties of dry skin were assigned to the model. The transmitter 

antenna was fi xed on the head of the subject, above the left 
ear. The receiver was placed near the left shoulder, at a range 

of several distances from the transmitter. The radiation pattern 

of the fl anged rectangular waveguides, operating at 94 GHz 
and measured in free space, was assigned to the antennas. A 

comparison between the simulated link (Figure 30a) and the 

measurements (Figure 30b), carried out on a human subject, is 

shown in Table 6.

 The same link was investigated at a frequency of 60 GHz 

by using a parallel implementation of the FDTD method [93]. 

The investigated case represented a limiting case where a ray-

based technique was suitable for such large problems, and a 

full-wave technique, such as the FDTD, was still not computa-

tionally ineffi cient. Table 7 shows a comparison of path-loss 
values obtained for the head-to-shoulder link by using a ray-

based technique and the FDTD method.

6.2 Waist-to-Trunk Link

 A study of the waist-trunk link was proposed in [33] and 

[35]. A digital phantom was considered for this investigation. 

The electromagnetic properties of the clothes were assigned 

as described in [35]. The transmitter was placed on the left 

side of the belt, and the receiver position was varied over a 

grid of different positions at the front of the subject’s trunk. 

The measured free-space radiation pattern of the WR10 open-

ended waveguide was assigned to the antennas. The measure-

ment setup was chosen in order to replicate the simulated setup 

(Figure 31).

 The path-loss distribution obtained as a function of the 

normalized distance between the transmitter and receiver was 

Figure 29. The SAR and incident power-density distributions at 60 GHz for a microstrip off-

body antenna array (the input power was 322 mW). The numerical results for the antenna on 

the skin are shown on the left, and the measurements on the skin-equivalent phantom are shown 

on the right. Most of the absorption occurred in the E plane of the antenna.

Figure 30. The head-to-shoulder link: the numerical simu-

lation (reproduced from [33]) (a, top) and the measure ment 

setup (b, bottom).

regression fit for the path-loss distance dependence was 

σ

a reconfigurable antenna could improve the performance by 

σ

–43
–43.4 –60.7
–41.3 –59.7 –51.4
–32.9 –45.1 –43.7
–50.8 –50.8 –56.8

–10° –45.8 –50 –51.2
–20° –51.8 –57.9 –54.2
–30° –53.2 –58.3 –63.9
–40° –52
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  × signal below noise level

 

antenna was fixed on the head of the subject, above the left 

of the flanged rectangular waveguides, operating at 94 GHz 

tionally inefficient. Table 7 shows a comparison of path-loss compared with the measured distribution. In particular, a lin ear-

regression fi t for the path-loss distance dependence was 
calculated according to the conventional path-loss-exponent 

model. Table 8 shows a comparison of the path-loss exponent 

and shadowing factor, σ , obtained from measurements and 

simulations.

6.3 Wrist-to-Chest Link

 On-body channel measurements were conducted for a 

wrist-to-chest link in order to test the hypothesis that employ ing 

a reconfi gurable antenna could improve the performance by 
using beam scanning. As shown in Figure 32, a wideband horn 

antenna, covering frequencies from 57 GHz to 64 GHz, was 

placed on the wrist, facing upwards, and the slot antenna was 

placed on the chest, facing downwards. The horn was used as 

the transmitting antenna, and the signals received by both ports 

of the slot antenna were simultaneously monitored. In the 

measurement, the subject was swinging its arm sideways, from 

Table 6. A comparison among simulated and measured 

data for the head-to-shoulder link at 94 GHz [34].

Tx-Rx 

Distance 

[cm]

Measured 

Free Space 

Path Loss 

[dB]

Measured 

On-Body 

Path Loss 

[dB]

Simulated 

Path Loss 

[dB]

23.4 45 44.5 41.5

28.7 47 47.5 49.3

29.5 48 51 50.6

Table 7. A comparison of the path loss in terms of the 

path-loss exponent model for simulated and measured 

data at 94 GHz.

Tx-Rx 

Distance 

[cm]

FDTD 

Simulation 

[dB]

Ray Tracing 

Simulation 

[dB]

13.6 50.1 51.0

15.7 50.2 51.5

17.3 51.1 52.1

19.5 51.6 51.6

Figure 31. The measurement setup for the waist-to-trunk 

link.

Figure 32. The antenna placements for the wrist-chest 

channel measurement and body posture (40°).

Table 8. A comparison of the path loss in terms of the 

path-loss exponent model for simulated and measured

 data at 94 GHz.

Data Set Path Loss Exponent σ [dB]

Simulated [35] 3.87 13.6

Simulated [33] 3.79 17.8

Measured 4.36 6.4

Table 9. The measured path gain [dB] for the 

wrist-chest channel.

Arm 

Position

Slot 

Antenna
Horn Monopole

40° –43 × ×

30° –43.4 × –60.7
20° –41.3 –59.7 –51.4
10° –32.9 –45.1 –43.7
0° –50.8 –50.8 –56.8

–10° –45.8 –50 –51.2
–20° –51.8 –57.9 –54.2
–30° –53.2 –58.3 –63.9
–40° –52 × ×
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right to left. However, as the vector network analyzer took a 

long time to sweep the frequency range from 57 GHz to 64 GHz, 

it proved to be not fast enough to capture the motion. The 

subject therefore had to keep still during each frequency sweep. 

Hence, nine static postures were adopted during this arm-swing 

motion. The arm-lift angle was varied from approximately 40° 

to 40− °  in steps of 10°. In order to make meaningful 

comparisons, the measurement was repeated by replacing the 

reconfi gurable slot antenna with a horn antenna, and 
subsequently with a monopole antenna.

 The measured results are shown in Table 7. These results 

demonstrated that the frequency-scanning antenna achieved 

the pattern reconfi gurability in principle (the control loop that 
achieved this in practice had to be implemented), and could 

improve the link’s performance.

6.4 Analytical, Numerical, and 
Experimental Study on a Flat Phantom

 On-body propagation at 60 GHz was studied analytically, 

numerically, and experimentally using a fl at skin-equivalent 
phantom in [89]. 

 First, to provide a fundamental theoretical model of the 

path gain, the propagation along a planar homogeneous skin-

equivalent phantom was studied analytically by considering 

vertical and horizontal elementary dipoles. For a vertically-

polarized wave and for a distances from several cm up to 20 cm 

( 040λ ), the path-gain model depended on the height, h, of the 

dipole above the phantom. If 3h > mm, the power-decay 

exponent 4n = . If 3h < mm, the path gain could be modeled 

similarly to the path gain at lower microwave fre quencies, i.e., 

3.5n = . Moreover, since the electrical size of the body at 

60 GHz was much larger than at microwaves, a new region, 

corresponding to the distances beyond 040λ  (20 cm) was of 

practical interest at 60 GHz: for this region, 4n = . For a 

horizontally-polarized wave, a power-decay expo nent of 4n =  

was found for the whole range of distances. 

 Second, propagation along the body was investigated 

experimentally in the vertical and horizontal polarizations 

using two linearly-polarized open-ended waveguides. The 

experimental results were in good agreement with analytical 

models and full-wave simulations, thereby showing that the 

on-body propagation could be accurately represented by the 

analytical path-gain model.

It is interesting to note that the path gain was highly sensi-

tive to the antenna/body separation, h. It increased with h, and 

became even higher than the free-space value for H polarization 

at 5h = mm.

7. Conclusion

 An overview of the challenges and progress in modeling 

body-centric scenarios at millimeter-wave frequencies has 

been presented in this paper. First, the worldwide regulations 

for V and W bands were introduced, with a focus on the North 

American and European circumstances. The frequency bands 

available in each country for commercial use were listed, dis-

tinguishing between licensed and unlicensed allocations. Sub-

sequently, the numerical methodologies for investigating on-

body propagation were presented, with particular attention to 

advantages and challenges presented by each technique. Ray-

based techniques allow analyzing electrically large structures 

without incurring a high computational burden. On the other 

hand, the accuracy of the results is strongly dependant on the 

accuracy of the scenario, and on the antenna’s positioning. 

Classical techniques, such as FDTD and the MoM, were 

revealed to be appropriate methodologies, as well. However, 

although these methods provide accurate results, they can be 

effi ciently used to analyze a limited portion of the human body. 

 Recent progress in the manufacturing and availability of 

both experimental and numerical phantoms has been outlined. 

The accuracy of these phantoms plays a key role in the proper 

understanding of both propagation phenomena and actual 

in situ antenna performance on the human body. Accurate 

numerical models (surface or volumetric) can be obtained by 

means of advanced imaging techniques, and can make simula-

tions a very powerful tool for on-body radio-channel charac-

terization. Measurements are also widely used to investigate 

the propagation around the human body. However, such meas-

urement are scarcely reproducible, and are limited by the safety 

of the subject. In order to overcome these issues, experimental 

phantoms that have the shape of parts of the human body and 

present the electromagnetic properties of human tissues have 

been implemented. So far, semisolid phantoms are the most 

commonly used. Mixtures of water and other agents allow 

representing electromagnetic properties of human tissues at 

millimeter-wave frequencies, although the applicability range 

is limited at present between 55 GHz and 65 GHz.

 Concerning antenna design, an overview of the available 

technologies in terms of wearable antennas, resonator anten nas, 

patch antennas, and reconfi gurable antennas has been provided 
and discussed. For some of these, the performance obtained 

when the antenna is placed in close proximity to the human 

body has been evaluated.

 Finally, the characterization of the propagation channel 

has been provided for different links, such as head-to-shoulder, 

waist-to-trunk, and wrist-to-chest. The aims of these analyses 

were not only to prove the agreement between simulations 

and measurements and to evaluate link performance, but also 

to provide a complete view for understanding body-centric 

propagation at millimeter-wave frequencies. 

National de la Recherche Scientifique (CNRS),” France. In 

tlefield Operations,” 

Standard Sp ecification-210, Issue 6, Low-Power Licensed-

Spe cified Low Power Radio Station (11) 59-66 GHz Band.
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− °

reconfigurable slot antenna with a horn antenna, and 

the pattern reconfigurability in principle (the control loop that 

numerically, and experimentally using a flat skin-equivalent 

λ
3>

4= 3<

3.5=

λ
4=

4=

5=

efficiently used to analyze a limited portion of the human body. 

patch antennas, and reconfigurable antennas has been provided 
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