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Abstract—With the development of 5th generation (5G) net-
works the operating frequencies have been progressively expanding
towards millimeter waves (MMW). In some exposure scenarii,
presence of textiles impacts the interaction of the electromagnetic
field radiated by wireless devices with human tissues. We investigate
the impact of a textile layer in contact or in proximity of skin on
the power transmission coefficient, absorbed power density and
temperature rise using a near-surface tissue model at 26 GHz
and 60 GHz. Cotton and wool are considered as representative
textiles. Our results demonstrate that the textile in contact with skin
increases the absorbed power density up to 41.5% at 26 GHz and
34.4% at 60 GHz. The presence of an air gap between a textile and
skin modifies the electromagnetic power deposition in the tissues
depending on the thicknesses and permittivity. The temperature
rise increases compared to the bare skin by up to 52% at 26 GHz
and 46% at 60 GHz with the textile in direct contact with skin.
With an air gap, for typical textile thicknesses, the temperature
variations range from−3.5% to 20.6% and from−11.1% to 20.9%
at 26 GHz and 60 GHz, respectively.

Index Terms—5G, millimeter waves (MMW), textile,
electromagnetic and thermal dosimetry.

I. INTRODUCTION

R ECENT advances in millimeter waves (MMW) technolo-
gies together with the growing need for high data rates and

secure communications are leading to the fast development of
5th generation (5G) mobile networks, whose operating frequen-
cies have been progressively shifting towards the MMW band
[1], [2].

Exposure guidelines have been defined by the International
Commission on Non-Ionizing Radiation Protection (ICNIRP)
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and Institute of Electrical and Electronics Engineers (IEEE)
[3], [4]. In the 6 GHz–300 GHz range, exposure limits are
expressed in terms of the incident power density (IPD), whose
value for whole body exposure should be limited to 10 W
m−2 and 50 W m−2 (averaged over 30 min) for unrestricted
environment/general public exposure and restricted environ-
ment/occupational exposure, respectively. For local exposures,
frequency-dependent limits are recommended, i.e. the IPD
should not exceed 55f−0.177

G (fG: frequency in GHz) for unre-
stricted environment/general public exposure and 275f−0.177

G or
274.8f−0.177

G for restricted environment/occupational exposure
according to ICNIRP and IEEE, respectively [3], [4]. The IPD
values should be averaged over 4 cm2 and 6 min. To account for
a smaller beam diameter above 30 GHz, the IPD averaged over
1 cm2 is allowed to exceed the limit by a factor of 2.

Recent studies investigated the exposure under realistic con-
ditions with the user terminal close to the head [5], focusing
on thermoregulation [6] or on the impact of pulsed fields [7],
[8]. At MMW, the interaction between human tissues and the
incident electromagnetic field in terms of the deposited power
and resulting heating was investigated in several works [9]–[11].
All these studies consider the electromagnetic field impinging
directly on the bare skin. However, in some use cases, clothing
can modify the electromagnetic power absorption in tissues and
resulting temperature rise. A representative example is when,
during a call, the user places the phone in his pocket while using
a headphone. Other possible scenarii include the usage of a tablet
lying on the user’s legs or of radiating devices during wintertime,
when wearing hats or gloves. In all these conditions, the presence
of textiles is to be taken into account for accurate dosimetry.

Several studies considered the impact of clothes at MMW
[12]–[15]. In particular, [15] investigated how the presence of a
textile layer affects the power transmission coefficient, demon-
strating that the clothing can act as an impedance transformer
and increase the absorption. Body-centric propagation in the
context of the body area networks at 60 GHz was investigated
in [12]–[14] in term of the path gain. These studies analysed
the power transmission coefficient in presence of a textile on
simplified model of skin, without considering the deposited
electromagnetic power and the resulting heating, which may
also be impacted by the subcutaneous fat and muscle [11].

The main purpose of this study is to investigate analyti-
cally and numerically the electromagnetic power deposition and
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TABLE I
PERMITTIVITY, THERMAL CONDUCTIVITY, MASS DENSITY, AND BLOOD PERFUSION OF THE MODEL LAYERS

Fig. 1. Model used for calculation of absorbed power and temperature rise.

consequent temperature rise in a near-surface multilayer tissue
model considering the impact of a textile layer on or in vicinity
of skin. Cotton and wool, two textile materials typically used
for clothes realization, are employed as representative models.
The analysis is performed at 26 GHz and 60 GHz, frequencies
upcoming for 5G and future generations of wireless technolo-
gies. For the sake of simplicity and brevity, we refer to 26 GHz
as MMW, since at this frequency the interactions between the
human tissues and electromagnetic fields are similar to the ones
at lower frequencies of the MMW band.

II. MATERIALS AND METHODS

A near-surface tissue model illuminated by a normal imping-
ing plane wave is used to assess the electromagnetic power depo-
sition and resulting heating in presence of a textile (Fig. 1). Two
configurations are considered: (1) clothes in contact with skin (1
with h2 = 0 mm), and (2) clothes in proximity of the biological
tissues in presence of an air gap between the textile material
and skin (h2 > 0 mm). The tissue model consists of 4 layers:
stratum corneum (SC), viable epidermis and dermis (ED), fat,
and muscle. The SC is the uppermost layer of the epidermis
and is characterized by a low water content (roughly 2% by
weight [11]) and typical thickness of 10μm–20μm [16]. The
ED layer is composed of the remaining portion of the epidermis
and dermis. The latter, has almost the same water content as
viable epidermis and therefore, from the electromagnetic point
of view, can be considered as the same layer. However, since
only dermis contains blood vessels, epidermis and dermis are
considered as two separate layers for the thermal analysis. As at
MMW the penetration depth is limited to skin, fat and muscle
layers almost do not affect the electromagnetic field distribution
but they impact the temperature rise.

The complex permittivity ε∗ of the considered model is re-
ported in Table I. The permittivity of SC is taken from [11],
while the ones of the remaining layers (ED, fat and muscle)

correspond to the dry skin, not-infiltrated fat and muscle in
[17]. Cotton and wool, with the thickness ranging from 0 mm
to 3 mm (typical values are 0.2 mm for cotton and 2 mm for
wool [14]), have been considered as representative textiles. Their
permittivity measured at 60 GHz was reported in [14]. The
textiles are assumed to be non-dispersive in the frequency range
considered in this study [18], [19]. The power transmission co-
efficient, absorbed (or epithelial) power density [3], [4], referred
hereafter as PD, and maximal temperature elevation in the skin
layer were analytically calculated and numerically computed
considering the IPD limits for whole body exposure and the
frequency dependent ones (30.90 W m−2 and 26.65 W m−2

at 26 GHz and 60 GHz, respectively). The power transmission
coefficient is computed at the interface between the textile and
the surrounding environment as |T |2 = 1− |R0|2, where R0

is the reflection coefficient between air and the textile layer.
The PD is defined as the power flow through the SC per unit
area on the body surface [3], [4]. Note that for the considered
planar model and continuous plane-wave illumination, spatial or
temporal averaging would not change the results since the PD
is invariant in time and uniform in the x and y directions.

A. Analytical Model

The electromagnetic problem for a multilayer model excited
by a plane wave can be solved analytically. Hypothesizing a
normal wave incidence, the wave vector is directed along z,
while the electric field is along x axis. Assuming that the power
transmitted to the muscle layer from fat is entirely dissipated,
the total electric field Ei(zi) in the ith layer is given by

Ei (zi) = E+
0 ×
ejki(hi−zi)

(
1 +Rie

−j2ki(hi−zi)
)

i−1∏

n=0

1

1 + rn
ejkn+1hn+1

(
1 + rnRn+1e

−j2kn+1hn+1
)
, (1)

where Ri = E−
i /E

+
i is the reflection coefficient at the ith inter-

face, ri = (ni − ni+1)/(ni + ni+1) is a function of ni =
√

ε∗i ,
and ki is the wave number in the ith layer. For the textile in
direct contact with skin, the subscripts exceeding 2 are reduced
by 1. From the root mean square value of the electric fieldEirms

,
conductivityσi and densityρi, the specific absorption rate (SAR)
is calculated as:

SARi =
σi |Eirms

|2
ρi

. (2)
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Using SAR as a heat source, the temperature rise can be
computed from the bioheat equation

λi
d2Ti (zi)

dz2i
= Bi (Ti(zi)− Tblood)− ρiSARi (zi) , (3)

where Tblood = 37 ◦C is the blood temperature, λi is the ther-
mal conductivity of the ith layer, Bi = BFiρbCb is the blood
perfusion that depends on the volumetric blood flow rate of the
ith layer BFi, on the blood density ρb = 1050 kg m −3 and
on the heat capacity Cb = 3617 J kg−1 ◦ C−1 [20]. Metabolic
heat was neglected since the temperature rise rather than its
absolute value was considered. The thermal conductivity, mass
density, and blood perfusion are summarized in Table I. The
thermal conductivities and densities of the ED, fat, and muscle
are taken from [20]. The thermal conductivity, blood flow and
mass density for the biological tissues are taken from [9]. The
thermal conductivity of the textile materials are from [21]. The
mass density of the textiles ρtextile = 500 kg m−3 represents a
typical value [21], [22].

The temperature distribution in the tissue layers is obtained
solving Equation 3. In absence of an air gap between textile and
skin (h2 = 0 mm in Figure 1), the continuity of the temperature
and heat flux at the interface between two intermediate layers is
imposed:

Ti(hi) = Ti+1(0) (4)

−λi
dTi(zi)

dzi

∣∣∣∣
zi=hi

= − λi+1
dTi+1(zi+1)

dzi+1

∣∣∣∣
zi+1=0

, (5)

while the boundary conditions for the deepest and the uppermost
layer are

Tlast(∞) = Tblood (6)

−dT1(z1)

dz1

∣∣∣∣
z1=0

=
h

λ1
(T1(0)− Tair) , (7)

respectively. The heat transfer coefficient h between the textile
and surrounding environment is set to 5 W m −1 ◦ C−1 [23]. The
study is performed at the ambient temperature Tair = 20 ◦C.
The same boundary conditions apply to the configuration with
an air gap between the textile and skin, except for the interface
1 and 2. The presence of an air gap between the textile and skin
can be treated as a closed enclosure [16], [24], [25], and the heat
flux at its boundaries can be described as

−λ1
dT1(z1)

dz1

∣∣∣∣
z1=hTextile

= Nu
λair

hgap
(T3(0)− T1(htextile)) ,

(8)

−λ3
dT3(z3)

dz3

∣∣∣∣
z3=0

= Nu
λair

hgap
(T3(0)− T1(htextile)) ,

(9)

where Nu is the Nusselt number, hgap is the gap thickness and
λair is the air thermal conductivity [26] at 37 ◦C. Below the
exposure limits [3], [4], the temperature rise in the human tissues
is expected not to exceed 1 ◦C, and therefore convection inside
the air gap is neglected. In this case, the heat exchange in the air
gap is reduced to conductivity and Nu = 1 [27].

Fig. 2. Power transmission coefficient at 26 GHz and 60 GHz in presence of
a textile layer in contact with skin.

B. Numerical Model

A stratified model analogous to the one presented in Fig. 1 was
simulated using a finite element method. The layers properties
are the same as the ones used in the analytical model, except for
the muscle thickness, supposed infinite in the analytical analysis
and set to 60 mm in simulations. A perfect electric conductor was
used at the boundaries perpendicular to the E field (y direction)
and Floquet periodic boundary conditions in the x direction.
An excitation and an observation port were located in the z
direction at the top and bottom boundaries, respectively. For the
thermal analysis, adiabatic boundaries were imposed in the x
and y directions, while the temperature at the deepest extremity
of the muscle was set to 37 ◦C. At the interface between the
textile and air the same condition as in (7) was imposed.

III. RESULTS

A. Power Transmission Coefficient

The two parameters affecting the transmission at the air/textile
interface when the textile is in direct contact with skin are its
thickness and permittivity. Fig. 2 reports the power transmission
coefficient in presence of cotton or wool.

The transmission increases compared to the air/skin interface
without textile. An oscillatory behaviour is observed since, at
certain thicknesses, the textile acts as a matching layer (e.g.
for cotton 1.93 mm and 2.54 mm at 26 GHz and 60 GHz,
respectively). The absorbed power is the highest when the textile
has a thickness close to (2n+ 1)λ/4, with λ the wavelength
in the material and n an integer. In particular, λ/4 at 26 GHz
corresponds to 2.61 mm for wool and to 2.04 mm for cotton. At
60 GHz, it is equal to 1.13 mm and 0.88 mm for wool and cotton,
respectively. The maximum power transmission coefficient does
not occur exactly at these thicknesses. This can be attributed
to the fact that, contrary to an ideal quarter-wave impedance
transformer, the impedance of the textile is fixed by the material
and is in general different from the one assuring the optimal
matching conditions. Depending on the textile thickness, at
26 GHz the power transmission coefficient varies from about
55% (h2 = 0 mm) to 67% (h2 = 2.91 mm) for wool and from
55% to 83% (h2 = 1.93mm) for cotton. At 60 GHz, it is between
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Fig. 3. Power transmission coefficient at 26 GHz: (a) with wool and (b) with cotton, and at 60 GHz: (c) with wool and (d) with cotton.

63% (h2 = 0 mm) and 76% (h2 = 3 mm) for wool and between
63% and 91% (h2 = 2.54 mm) for cotton.

When the textile is separated from skin by an air gap, con-
currently with the textile thickness and permittivity, the air
gap thickness impacts the power transmission coefficient. A
parametric study was performed to analyse the sensitivity of the
power transmission coefficient to the textile and air gap thick-
nesses in presence of wool and cotton (Fig. 3). At 26 GHz, the
maximum transmission is observed for hgap = 0 mm, hwool =
2.91 mm and hgap = 0 mm, hcotton = 1.93 mm. At 60 GHz,
for each textile, local maxima appear for four different combi-
nations of hgap and htextile. For wool the peak transmission
(77%) occurs in two different conditions: hgap = 0.22 mm,
hwool = 3mm andhgap = 2.72mm,hwool = 3mm. For cotton,
four different combinations of textile and air gap thickness
(hgap = 0 mm and hcotton = 0.78 mm or hcotton = 2.54 mm,
and hgap = 2.39 mm and hcotton = 0.90 mm or hcotton =
2.66 mm) assure the highest power transmission coefficient
(91%). Note that, as the reflection coefficient at the air/skin inter-
face decreases due to the presence of a textile, the performances
of a wireless device placed in vicinity of the body may change
compared to the exposure scenario without textile [5], [28].

B. Absorbed Power Density

Fig. 4 shows the PD in presence of a textile in contact with
skin. As for the power transmission coefficient, PD increases in
presence of the textile and shows an oscillatory behavior as a

Fig. 4. Absorbed power density in presence of a textile layer in contact with
skin. The left y axis refers to the frequency-independent IPD limits, while the
two y axis on the right refer to the IPD frequency-dependent limits.

function of the textile thickness. The maximal PD is observed
for a cotton layer with a thickness close to λ/4 at 60 GHz (34.4%
increase compared to the case without textile). At 60 GHz,
two local maxima appear for cotton close to htextile = λ/4
and htextile = 3/4λ. While for these two thicknesses the power
transmission coefficient is almost the same, the corresponding
PD decreases when the textile thickness increases. This can
be attributed to higher losses in textile for htextile = 3/4λ. At
26 GHz, the highest PD is observed for 1.84 mm thick cotton
(7.83 W m−2 for IPD = 10 W m−2 and 24.20 W m−2 for
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Fig. 5. Absorbed power density as a function of the textile thickness and real permittivity εr (a) at 26 GHz and (b) at 60 GHz. The left and right colorbars refer
to the frequency-independent and frequency-dependent limits of IPD, respectively.

Fig. 6. Absorbed power density at 26 GHz: (a) wool and 26 GHz, (b) cotton and 60 GHz, (c) wool, and (d) cotton. The left and right colorbars on the left side
refer to the frequency-independent and frequency-dependent limits of IPD, respectively.

IPD = 30.90 W m−2). At 60 GHz, the highest PD is for
0.74 mm thick cotton (8.42 W m−2 and 22.43 W m−2 for
IPD = 10 W m−2 and IPD = 26.65 W m−2, respectively).
The slightly higher value at 26 GHz than at 60 GHz when
considering frequency-dependent limits is due to the fact that
at 26 GHz the IPD limit is more elevated and losses in the textile
are inferior at lower frequencies.

To consider other possible textile materials, the real part
of the textile permittivity was varied in the 1–3 range. The
imaginary part was kept equal to that of wool. The resulting
PD at 26 GHz and 60 GHz are represented in Fig. 5. At both
frequencies, the maximum PD is at εr = 3 and is equal to
9.11 W m−2 (for htextile = 1.49 mm) and to 9.46 W m−2 (for
htextile = 0.58 mm) at 26 GHz and 60 GHz, respectively, for

IPD = 10 W m−2. Considering the frequency-dependent lim-
its, the highest PD is 28.16 W m−2 at 26 GHz and 25.20 W m−2

at 60 GHz. As it was previously observed, at 60 GHz, due to
increased electrical size of the textile compared to 26 GHz, two
local maxima appear.

When accounting for an air gap between the textile and skin,
the maximum PD does not occur at htextile = (2n+ 1)λ/4
anymore, and depends on the air gap thickness (Fig. 6). Con-
sidering the frequency-independent IPD limits, the maximum
PD is 6.02 W m−2 for the wool and 7.83 W m−2 for the
cotton at 26 GHz, while at 60 GHz it reaches 6.73 W m−2 and
8.47 W m−2 for the wool and the cotton, respectively. These
values are comparable to the maximum PD obtained for the
configuration without an air gap between skin and textile.
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Fig. 7. Maximal steady-state temperature elevation in the skin layer at 26 GHz
and 60 GHz (a) as a function of the textile layer thickness (wool or cotton) for
hgap = 0 mm and (b) as a function of the air gap thickness for hwool = 2 mm
and hcotton = 0.2 mm. The left y axis refers to the frequency-independent IPD
limits, while the two y axis on the right refer to the IPD frequency-dependent
limits.

C. Heating

To evaluate the heating, the steady-state temperature rise in-
side the skin layer, reached after roughly 30–40 min of exposure,
was calculated. This represents the worst case scenario, and the
temperature rise during the transient heating is expected to be
lower. Fig. 7(a) shows the temperature rise without an air gap as
a function of the textile thickness. Presence of a textile in contact
with skin increases heating. The highest temperature rise occurs
for a textile thickness close to (2n+ 1)λ/4. Contrary to the
trend of PD, the temperature increase at 60 GHz is higher for
hcotton = 3/4λ, compared to hcotton = λ/4. In fact, a thicker
textile reduces the thermal exchange between skin and air. The
maximal temperature increase at steady-state, corresponding to
these two configurations for the frequency-independent limits, is
0.21 ◦C at 26 GHz and 0.24 ◦C at 60 GHz, while for frequency-
dependent limits it reaches 0.66 ◦C and 0.64 ◦C at 26 GHz and
60 GHz, respectively. Therefore the heating is up to 52% and
46% higher in presence of a textile at 26 GHz and 60 GHz,
respectively.

With an air gap, the temperature was calculated for the textile
thickness corresponding to the typical values, i.e. 0.2 mm for
cotton and 2 mm for wool Fig. 7(b). In this case the maximum
temperature rise at 26 GHz is 0.17 ◦C for IPD = 10 W m −2

and 0.52 ◦C for IPD = 30.90 W m −2. At 60 GHz the highest

temperature increase is 0.2 ◦C for IPD = 10 W m −2 and 0.53 ◦C
for IPD = 26.65 W m−2.

IV. DISCUSSION AND CONCLUSION

We investigated and quantified the impact of a textile layer
on the electromagnetic power deposition and resulting heating
in a stratified near-surface tissue model. In continuation to the
previous studies [13]–[15], this work provides an insight into the
PD variation and resulting heating, which are two fundamental
parameters to evaluate the exposure above 6 GHz. A normally
impinging plane wave was considered as a source. Note that an
oblique incidence would result in a lower PD and temperature
elevation [29]. Aiming at the worst case condition, the tempera-
ture elevation was investigated at steady-state. Our results show
that the presence of a textile in direct contact with skin increases
the absorbed power density up to 41.5% at 26 GHz and 34.4% at
60 GHz. This is due to the fact that it plays a role of a matching
layer. The presence of an air gap between the textile and skin can
decrease or increase the electromagnetic power deposition in the
tissues depending on the air gap and textile thicknesses, and on
the textile complex permittivity. Without an air gap between a
textile and skin, the temperature rise increases compared to the
bare skin (up to 52% at 26 GHz and 46% at 60 GHz). With an air
gap and for the typical textile thicknesses, it ranges from −3.5%
to 20.6% and from −11.1% to 20.9% at 26 GHz and 60 GHz,
respectively. When considering the available bandwidths for 5G
applications, i.e. 24.25–29.5 GHz (including n257, n258, and
n261 bands) [30] and the 57–66 GHz band [31], the maximal
PD in presence of a textile varies by at most 3.2% and 9.9%,
respectively. These variations are of the same order of magnitude
as the typical inter-individual variations. Validation of these
conclusions using more realistic models constitutes one of the
perspectives of this study.
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