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density (APD) or epithelial power density, respectively, as a new metric for the basic restriction (BR) or dosimetric reference limit (DRL), which is derived from the threshold of adverse health effects related to superficial heating caused by localized EMF exposure.

Recent dosimetric studies on the APD at mmWaves primarily aimed at clarifying three aspects: 1) impact of beam steering upcoming for 5G/6G mobile systems; 2) appropriate APD averaging schemes or methods that enables high correlation with skin temperature elevation for distinct human body models; 3) clothing effects caused by textile materials that modify the electromagnetic power deposition in skin and resultant heating.

The angle-of-incidence dependence of the power transmission coefficient, APD, and skin temperature elevation induced by plane-wave exposure and practical radiation sources (e.g., phased array antennas) was extensively studied [START_REF] Zhadobov | Antenna/human body interactions in the 60 GHz band: State of knowledge and recent advances[END_REF], [START_REF] Li | Intercomparison of calculated incident power density and temperature rise for exposure from different antennas at 10-90 GHz[END_REF], [START_REF] Wu | Safe for generations to come: Considerations of safety for millimeter waves in wireless communications[END_REF], [START_REF] Li | Relationship between power density and surface temperature elevation for human skin exposure to electromagnetic waves with oblique incidence angle from 6 GHz to 1 THz[END_REF], [START_REF] He | RF compliance study of temperature elevation in human head model around 28 GHz for 5G user equipment application: Simulation analysis[END_REF], [START_REF] Nakae | Skin temperature elevation for incident power densities from dipole arrays at 28 GHz[END_REF]. Diao et al. clarified the effect of the incidence angle on the spatial-average power densities and resultant temperature elevation using both computational and thermographic measurement approaches [START_REF] Diao | Effect of incidence angle on the incident power density definition to correlate skin temperature rise for millimeter wave exposures[END_REF], [START_REF]IEEE Guide for the Definition of Incident Power Density to Correlate Surface Temperature Elevation[END_REF]. It was found that the normal incidence is the worst-case for surface temperature rise when bare skin is directly illuminated as it corresponds to the maximum APD for a given incident power density (IPD). Several groups computed APD and resultant temperature rise above 6 GHz using various skin models, exposure conditions and numerical methods [START_REF] Funahashi | Area-averaged transmitted power density at skin surface as metric to estimate surface temperature elevation[END_REF], [START_REF] Diao | Assessment of absorbed power density and temperature rise for nonplanar body model under electromagnetic exposure above 6 GHz[END_REF], [START_REF] Li | Quantitative comparison of power densities related to electromagnetic near-field exposures with safety guidelines from 6 to 100 GHz[END_REF], [START_REF] Sacco | Exposure levels induced in curved body parts at mmWaves[END_REF], [START_REF] Taguchi | Computation of absorbed power densities in high-resolution head models by considering skin thickness in quasi-millimeter and millimeter wave bands[END_REF], [START_REF] Kodera | Whole-body exposure system using horn antennas with dielectric lens at 28 GHz[END_REF], [START_REF] Yao | A study on exposure to electromagnetic fields from user equipment antennas above 100 GHz[END_REF], [START_REF] Li | Calculated epitherial/absorbed power density for exposure from antennas at 10-90 GHz: Intercomparison study using planar skin modela[END_REF]. These computational results indicate that an APD ranging from 34-60 W/m 2 is required to elevate the temperature of bare skin by 1 • C.

On the other hand, the impact of clothing on skin exposure to mmWaves has garnered significant attention. At mmWaves, for the clothes that cover the human body, the dielectric properties of the fabric and an air gap spacing impact the electromagnetic power deposition [START_REF] Li | Multivariate regression analysis of skin temperature rises for millimeter-wave dosimetry[END_REF], [START_REF] Li | Monte Carlo simulation of clothed skin exposure to electromagnetic field with oblique incidence angles at 60 GHz[END_REF], [START_REF] Sacco | Impact of textile on electromagnetic power and heating in near-surface tissues at 26 GHz and 60 GHz[END_REF], [START_REF] Sacco | Antenna/human body coupling in 5 G millimeter-wave bands: Do age and clothing matter?[END_REF]. This may affect APD and resultant temperature elevation in the human skin. Sacco et al. studied APD and temperature rise at 26 and 60 GHz, considering the impact of a textile layer in contact or proximity of the human body [START_REF] Sacco | Impact of textile on electromagnetic power and heating in near-surface tissues at 26 GHz and 60 GHz[END_REF], [START_REF] Sacco | Antenna/human body coupling in 5 G millimeter-wave bands: Do age and clothing matter?[END_REF]. It is known that a textile material may perform as an impedance transformer, where an air gap between the cloth and skin modifies the electromagnetic power deposition and results in a temperature rise variation up to 20.9% compared to the bare skin at 60 GHz. However, the clothing effects on broadband mmWave skin exposure were not elucidated due to the lack of broadband complex permittivity data of textiles. Harmer et al. presented the complex permittivity of textiles and leather in 14-40 GHz using a free-wave transmittance-based method [START_REF] Rezgui | Determination of the complex permittivity of textiles and leather in the 14-40 GHz millimetre-wave band using a free-wave transmittance only method[END_REF]. Luo et al. estimated the complex permittivities of four cloth materials (linen, leatherette, polyester fiber, and latex mattress) at 40-50 GHz based on quantum-behaved particle swarm optimization algorithm and free-space measurement [START_REF] Luo | Complex permittivity estimation for cloths based on QPSO method over (40 to 50) GHz[END_REF]. At higher frequencies, since the air gap spacing is comparable with the wavelength, e.g., 3 mm at 100 GHz, it is indispensable to employ the broadband dielectric properties of cloths for accurate dosimetry analysis.

Another point worth discussing is what type of computational method is to be employed for dosimetric analysis of human body models covered with clothing. Numerical methods such as FDTD (finite-difference time-domain method) using wholebody voxel models are widely employed, but it is challenging to create a clothing model based on the existing body models, particularly at mmWaves. For localized exposure analysis using simplified models, the impact of textile material, configuration, thickness, and coverage method on the simulation accuracy is difficult to determine. Given the computational scale for mmWave bands, solving the one-dimensional multi-layer model using the Pennes bio-heat transfer equation is a practical and effective solution [START_REF] Li | Multivariate regression analysis of skin temperature rises for millimeter-wave dosimetry[END_REF]. As a 1-D model, it may not realistically represent the three-dimensional thermal diffusion that occurs in the heterogeneous human body. However, since it is a rigorous solution obtained by solving the boundary conditions for both the electromagnetic field and heat conduction, the resulting skin temperature elevations up to steady-state may have more conservative values compared to numerical simulation results.

In this study, an equivalent dielectric property data for the samples of cotton and wool were measured for the first time. On the basis of measured dielectric constants, a statistical assessment of clothed human skin exposure at 20-100 GHz was performed by Monte Carlo simulation. The ratio between the APD and temperature elevation at the skin surface was analyzed using a multi-layer skin model with a textile layer.

II. DIELECTRIC PROPERTY MEASUREMENT OF TEXTILE SAMPLES

Fig. 1 shows the setup for measurement of dielectric properties of textile materials. The free-space method with spotfocus-type lens antennas was employed for measurements in the 18-110 GHz range [START_REF] Sasaki | Development of the complex permittivity measurement system for high-loss biological samples using the free space method in quasi-millimeter and millimeter wave bands[END_REF]. Two lens antennas were connected to a vector network analyzer (E8361 A, Agilent Technologies) via a mmWave frequency extender (N5260 A, Agilent Technologies). Measurements were conducted in K-, Ka-, Q-, V-, and W-bands, covering the frequency range of 18 to 110 GHz. During the experiment, a conical-rectangular waveguide adapter was utilized to facilitate the transition for each IEEE frequency band. TRL (Thru-Reflection-Line) calibration was applied before the start of each frequency band measurement. The reproducibility of our measurement system was checked using a reference sample, i.e., glass [START_REF] Sasaki | Development of the complex permittivity measurement system for high-loss biological samples using the free space method in quasi-millimeter and millimeter wave bands[END_REF], before starting the measurement of clothing samples. Further details of the measurement procedure can be found in [START_REF] Sasaki | Development of the complex permittivity measurement system for high-loss biological samples using the free space method in quasi-millimeter and millimeter wave bands[END_REF].

The box plots of measurement results for the samples of cotton and wool are shown in Fig. 2. Fig. 2(a) and (b) denote the real and imaginal part of relative complex permittivity, respectively, as a function of frequency. In Fig. 2 cotton and wool materials are almost non dispersive. Although outliers increase at higher frequencies, the statistical median value for both real and imaginary parts of complex permittivities are stable. This is mainly attributed to a negligibly small water concentration in the textile.

The statistical results of measured complex permittivities are summarized in Table I. Given the constant profiles of statistical median values for complex permittivities, as shown in Fig. 2, we use the average value of the data measured across the entire considered frequency band. The dielectric constant of textiles extracted in this study agrees well with those in [START_REF] Sacco | Impact of textile on electromagnetic power and heating in near-surface tissues at 26 GHz and 60 GHz[END_REF]. Therefore, in this study, the mean value of permittivity of textile samples under test was employed to represent the equivalent dielectric constant for dosimetric analysis at 20-100 GHz. The simulation model and method are introduced hereafter.

III. ANALYTICAL MODEL AND METHOD

Fig. 3 shows a two-dimensional multilayer model representing human skin layers of the forearm covered by cloths. The model is composed of a textile material layer, an air gap, and a conventional four-layer skin model including epidermis, dermis, subcutaneous fat, and muscle layers [START_REF] Li | Multivariate regression analysis of skin temperature rises for millimeter-wave dosimetry[END_REF]. The width of the air gap is z g . A plane wave is used as excitation. The angle of incidence at the air/model interface is denoted as θ 0 . Here, two polarization components are considered (TE and TM), whose electric field vectors are perpendicular and parallel to the incident plane, respectively. Thus, the cross-polarization power ratio of the incident wave, i.e., XP R, can be simplified as the power ratio of TE to TM waves in this 2-D model as follows.

XP R = E TE E TM 2 (1) 
As mentioned in [START_REF] Li | Multivariate regression analysis of skin temperature rises for millimeter-wave dosimetry[END_REF], this consideration is different from the empirical way of expressing XP R in multipath propagation environment of mobile communication systems. For dosimetric analysis, it is simplified by treating the multipath radio wave components as one illumination source before entering the human body. Therefore, the plane wave incidence does not take into account the phase difference between the orthogonally polarized components.

The steady-state temperature elevation due to electromagnetic wave absorption considering the effects of cloths and air gap layers is calculated by solving Pennes's bioheat transfer equation [START_REF] Li | Multivariate regression analysis of skin temperature rises for millimeter-wave dosimetry[END_REF], [START_REF] Sasaki | Monte carlo simulations of skin exposure to electromagnetic field from 10 GHz to 1 THz[END_REF], [START_REF] Sasaki | Human skin exposure to terahertz waves from 0.1 to 1 THz: Statistical assessments using multilayered planar models[END_REF], [START_REF] Kanezaki | Parameter variation effects on temperature elevation in a steady-state, one-dimensional thermal model for millimeter wave exposure of one-and three-layer human tissue[END_REF], [START_REF] Hirata | Human exposure to radiofrequency energy above 6 GHz: Review of computational dosimetry studies[END_REF],

κ i d 2 dz 2 T i (z) + σ i |E i (z)| 2 2 + A i -B i [T i (z) -T b ] = 0, ( 2 
)
where The boundary conditions for thermal analysis of a clothed human skin model with and without an air gap space are described in detail in [START_REF] Li | Multivariate regression analysis of skin temperature rises for millimeter-wave dosimetry[END_REF] ((3)-( 14)). Note that the term associated with the electromagnetic power absorption S i (z) was derived considering the power allocation in the polarization components of incident waves,

T
S i (z) = XP R 1 + XP R S i,TE (z) + 1 1 + XP R S i,TM (z), (3) 
where the derivation of the formulae for the terms of S i,TE (z) and S i,TM (z) taking θ 0 and XP R into account is detailed (see Appendix in [START_REF] Li | Multivariate regression analysis of skin temperature rises for millimeter-wave dosimetry[END_REF]). For consistency with previous studies [START_REF] Li | Relationship between power density and surface temperature elevation for human skin exposure to electromagnetic waves with oblique incidence angle from 6 GHz to 1 THz[END_REF], [START_REF] Li | Multivariate regression analysis of skin temperature rises for millimeter-wave dosimetry[END_REF], [START_REF] Sasaki | Monte carlo simulations of skin exposure to electromagnetic field from 10 GHz to 1 THz[END_REF], the dielectric properties of skin layers reported in [START_REF] Sasaki | Measurement of the dielectric properties of the epidermis and dermis at frequencies from 0.5 GHz to 110 GHz[END_REF], [START_REF]NICT database of tissue dielectric properties for electromagnetic modeling of human body[END_REF] were employed. The heat transfer coefficient for the air to skin boundary was set to 10 W/(m 2• C). The body core temperature at the deeper boundary of the muscle layer was set to 37 • C, and the air temperature was 20 • C. Table II summarizes the parameters used in the thermal analysis, inspired from the data reported in [START_REF] Sacco | Impact of textile on electromagnetic power and heating in near-surface tissues at 26 GHz and 60 GHz[END_REF], [START_REF] Sasaki | Monte carlo simulations of skin exposure to electromagnetic field from 10 GHz to 1 THz[END_REF]. IPD was set to 10 W/m 2 . Using the parameters and analytical formulae mentioned above, the variations of APD and temperature elevation at the clothed skin surface was evaluated by a Monte Carlo simulation. The Monte Carlo simulation was conducted by varying the thickness of each layer using normally distributed random numbers generated by Matlab R2019b [START_REF] Li | Relationship between power density and surface temperature elevation for human skin exposure to electromagnetic waves with oblique incidence angle from 6 GHz to 1 THz[END_REF]. The mean values and standard deviations of the thickness of cotton and wool materials were measured as 0.065 ± 0.015 mm and 1.24 ± 0.01 mm, respectively. The statistical data of the skin layer thicknesses in previous study was employed (see Table II in [START_REF] Sasaki | Monte carlo simulations of skin exposure to electromagnetic field from 10 GHz to 1 THz[END_REF]). The number of iterations was set to 10 4 for each oblique incidence angle, XP R, and air gap spacing.

IV. RESULTS

A. Effects of XP R

Fig. 4 shows the mean ratio of the APD to the steady-state surface temperature elevation (ΔT ) at 60 GHz as functions of θ 0 and z g . The XP R at -50 dB, 0 dB, and 50 dB were shown, which denotes three representative scenarios: TM wave dominant; equal polarization power allocation; and TE wave dominant, respectively.

For both cotton (Fig. 4(a)) and wool (Fig. 4(b)) materials, all the results show a significant decrease at higher incidence angles and large air gap spacing, especially for cases of XP R = 50 dB. As θ 0 and z g decrease to less than 60 • or 3 mm, the ratio of the APD to ΔT remains at a relatively high level even with some fluctuations caused by the variations in incidence angle and air gap. When θ 0 is approaching 0 • , i.e., normal incidence exposure, the increase in air gap spacing results in a periodic fluctuation. Moreover, it is observed that the fluctuation with the angle of incidence is relatively small in a radio-wave environment dominated by horizontally polarized incidence waves, i.e., XP R = -50 dB.

Fig. 5 illustrates the mean ratio of the APD to ΔT as a function of XP R when the angle of incidence θ 0 and air gap spacing z g are under selected ranges at 20, 60, and 100 GHz. Fig. 5(a) and (b) show the results using cotton and wool materials, respectively. In Fig. 5(a), it is shown that the dependence on the XP R is not obvious at frequency of 20 GHz when θ 0 and z g is less than 60 • or 3 mm, respectively. When the frequency is increased to 60 GHz, a deviation can be observed when XP R ≥ 10 dB. In particular, for cases of higher incidence angles, i.e., θ 0 = 60 • , a significant variation of the curves in the range of XP R ≥ 10 dB is shown. Furthermore, at 100 GHz, the curve shows an abrupt decrease for the case of θ 0 = 60 • at z g = 1 mm in comparison with other cases.

For wool material, as shown in Fig. 5(b), almost similar profiles as those of cotton can be seen. At 60 GHz, a slight change occurs in some cases of XP R > 0 dB. However, most trends of curves indicate that when XP R < 0 dB, there is no obvious difference among all the results even considering the changes of θ 0 and z g . When XP R > 0 dB, higher oblique incidence angle may result in a significant decrease of the ratio of the APD to ΔT . At lower frequency bands with lower angles of incidence, the ratio of the APD to ΔT is almost independent on the XP R.

B. Frequency Dependence

Fig. 6 shows the the mean ratio of the APD to ΔT as a function of frequency from 20 to 100 GHz under selected range of oblique incidence angle, i.e., θ 0 ≤ 30 • or θ 0 ≤ 60 • . Fig. 6 As shown in Fig. 6(a) and (b), when XP R ≤ 0 dB, the cases of θ 0 ≤ 30 • and θ 0 ≤ 60 • agree well with each other regardless of air gap spacing and textile materials. When XP R ≥ 0 dB, as shown in Fig. 6(c) and (d), slight difference between the curves of θ 0 ≤ 30 • and θ 0 ≤ 60 • is observed. The statistical mean value indicates that the higher incidence angle up to 60 • will result in a small decrease of the ratio of the APD to ΔT in a radio-wave environment dominated by vertically polarized incidence waves regardless of air gap spacing and cloth materials. Fig. 7 shows the ratio of the APD to ΔT as a function of frequency from 20 to 100 GHz under selected range of air gap spacing, i.e., z g ≤ 1 mm or z g ≤ 3 mm. Fig. 7(a) and(b) indicate the results of cotton and wool materials, respectively, when XP R ≤ 0 dB, whereas Fig. 7(c) and (d) indicate the those when XP R ≥ 0 dB. The angle of incidence θ 0 ranging from 0 to 89 • was considered. Similar to Fig. 6, the error bars denote the standard deviation due to individual differences in the textiles and skin tissue thickness.

When XP R ≤ 0 dB, the curves of z g ≤ 1 mm and z g ≤ 3 mm show a small discrepancy with each other. This indicates that in a radio-wave environment dominated by horizontally polarized incidence waves, the difference of air gap spacing may have impact on the frequency dependence of ratio of the APD to ΔT at 20-100 GHz. On the other hand, when XP R ≥ 0 dB, as shown in Fig. 7(c) and (d), a relatively large standard deviation occurs in the considered frequency range. With the increase of the air Fig. 5. Ratio of APD to ΔT at skin surface as a function of XP R under selected incidence angle (θ 0 ) and air gap spacing (z g ) at frequencies of 20, 60, and 100 GHz when using the textile materials of (a) cotton and (b) wool. gap spacing range from z g ≤ 1 mm to z g ≤ 3 mm, the maximum relative standard deviation increases from 12.5% to 23%. This phenomenon may be attributed to the fact that many cases of extremely high incidence angles, i.e., over 60 • , are included in the statistical outcomes. Comparing Figs. 6 and7, it can be seen that the impacts on the ratio of the APD to ΔT caused by the air gap spacing may be higher than that by the oblique incidence angle when a relatively practical range of incidence angles is assumed, e.g., θ 0 ≤ 60 • .

C. Statistical Analysis

Fig. 8 illustrates the probability density function (PDF) characteristics using the statistical mean values of the APD at frequencies from 20 to 100 GHz when the ΔT is assumed to be In Fig. 8(a) and (b), it is observed that for each textiles, the histogram agrees approximately with the Gaussian distribution regardless of different ranges of incidence angles θ 0 . However, in Fig. 8(c) and (d), small deviations from Gaussian distribution are shown when considering the selected range of the air gap spacing z g .

The statistical results are summarized in Table III. For a selected range of angle of incidence or air gap spacing, all the other parameters such as XP R, frequency, and layer thickness 

TABLE III STATISTICAL ANALYSIS

variations were varied to derive the mean value and standard deviation of the APD that is required to elevate the 0.5 • C temperature elevation at skin surface. The mean square error (MSE) and correlation coefficient (coeff.) in comparison with Gaussian distribution are included. It can be seen that the mean values of the APD show a good agreement with the general public basic restriction of 20 W/m 2 for local exposure at 6-300 GHz in ICNIRP guideline [START_REF]Guidelines for limiting exposure to time-varying electric, magnetic and electromagnetic fields (100 kHz to 300 GHz)[END_REF]. In some cases, the required APD for the skin temperature elevation by 0.5 • C at high incident angles is smaller than the exposure limits in the ICNIRP guidelines, i.e., 20 W/m 2 . This is actually because in order to obtain a large APD at high incident angles, an extremely higher level of IPD is required than at normal incidence. In other words, the APD will not exceed 20 W/m 2 when specifying the same IPD as in the Reference Levels in the ICNIRP guidelines. Moreover, the MSE range from 1.31-1.9 and 2.09-2.61, respectively, in the cases of θ 0 ≤ 30 • and θ 0 ≤ 60 • . When the z g ≤ 1 mm and z g ≤ 3 mm is considered, the MSE increase to 2.46-3.9 and 3.97-4.91, respectively. The correlation coefficient also reduces from up to 0.95 to less than 0.75. The above-mentioned results imply that in the frequency range from 20 to 100 GHz, when the power allocation of polarization components were assumed for dosimetry analysis, to obtain an equivalent ΔT at the skin surface, the oblique incidence angle less than 60 • do not significantly affect the statistical distribution of the APD even if the clothing effects were included. On the contrast, when the higher incidence angles were considered, the air gap spacing effects may result in a variation in the probability of the APD regardless of textile materials.

V. CONCLUSION

In this study, we investigated the statistical performance of clothed human-skin exposures to electromagnetic fields at 20-100 GHz. The equivalent dielectric constants for the textile materials of cotton and wool in the above frequency range was provided for the first time. Measurement results indicate that the frequency dependence of dielectric permittivities of the utilized cloth samples is relatively stable in the considered frequency range. Then, a statistical analysis of the ratio of the APD to skin surface temperature elevation using a multilayered skin model with textile and air gap layers was conducted by Monte Carlo simulation. The impacts of oblique incidence angles, XP R, and air gap spacing between textile layer and skin model were studied.

It is found that at a high incidence angle up to 60 • , expectable fluctuations of the ratio of the APD to ΔT are observed when XP R range from -50 to 50 dB. At 20-100 GHz, when the XP R is less than 0 dB, i.e., horizontally polarized wave is dominant, the impact on the ratio of the APD to ΔT caused by either the incident angle or the air gap spacing is not significant. The deviation of the ratio of the APD to ΔT will be increased when XP R exceeds 0 dB, i.e., vertically polarized wave is dominant, especially at frequencies over 60 GHz when the incidence angle is higher than 60 • . However, considering more realistic exposure conditions in general, such as incident angles less than 60 • and air gaps less than 3 mm, it is observed that the impact on the APD to obtain an equivalent ΔT caused by the clothing effects in the above frequency range is marginal from statistics point of view.
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 1 Fig. 1. Measurement setup for textile samples under test.

Fig. 2 .

 2 Fig. 2. Measured relative complex permittivity: (a) real part, (b) imaginary part.

  (a) and (b), the height of the box indicates the interquartile range (IQR) from the 75th and 25th percentiles of entire data. The horizontal line in the middle of the box indicates the statistical median values of relative complex permittivities in each frequency range (K -W bands). The range between the lower and upper whiskers of the error bars represents the variability of the measured data within a range corresponding to 1.5 times IQR. The triangle signs indicate the outliers. The sampling intervals for the K-, Ka-, Q-bands were set at 250 MHz, while those for the V-and W-bands were set at 500 MHz. These intervals were primarily determined based on experience with dielectric permittivity measurements and the sweeping specifications of the test equipment. Therefore, for each box with error bars, the number of measurment points are 35, 55, 69, 51, 71 in each frequency band. It is observed that both

Fig. 3 .

 3 Fig. 3. Multilayer model used for statistical dosimetry analysis comprised of a cloth material, air gap layer, epidermis, dermis, fat, and muscle.

  i and T b are the temperatures of the each layer of skin models and blood ( • C), respectively. κ i is the thermal conductivity [W/(m • C)]. A i and B i denote the basal metabolism per unit volume (W/m 3 ) and a term associated with blood flow [W/(m 3• C)], respectively. σ i denotes the equivalent conductivity (S/m) taking into account the dielectric loss. E i (z) is the peak amplitude of the electric field (V/m) inside the cloth materials, air gap spacing, and skin tissues.

Fig. 4 .

 4 Fig. 4. Ratio of APD to ΔT at skin surface as functions of incidence angle (θ 0 ) and air gap spacing (z g ) at 60 GHz for selected values of XP R for (a) cotton and (b) wool.

  Fig.6shows the the mean ratio of the APD to ΔT as a function of frequency from 20 to 100 GHz under selected range of oblique incidence angle, i.e., θ 0 ≤ 30 • or θ 0 ≤ 60 • . Fig.6(a) and (b) indicate the results of cotton and wool materials, respectively, when XP R ≤ 0 dB, i.e., XP R = -50, -20, -10, and 0 dB. Fig. 6(c) and (d) indicate the those when XP R ≥ 0 dB, i.e., XP R = 0, 10, 20, and 50 dB. The air gap spacing z g at the range of 0 to 5 mm were included. The error bars denote the standard deviation of the ratio of the APD to ΔT due to individual differences in the textile layer and skin tissue thickness.As shown in Fig.6(a) and (b), when XP R ≤ 0 dB, the cases of θ 0 ≤ 30 • and θ 0 ≤ 60 • agree well with each other regardless of air gap spacing and textile materials. When XP R ≥ 0 dB, as shown in Fig.6(c) and (d), slight difference between the curves of θ 0 ≤ 30 • and θ 0 ≤ 60 • is observed. The statistical mean value indicates that the higher incidence angle up to 60 • will result in a small decrease of the ratio of the APD to ΔT in a radio-wave environment dominated by vertically polarized incidence waves regardless of air gap spacing and cloth materials. Fig.7shows the ratio of the APD to ΔT as a function of frequency from 20 to 100 GHz under selected range of air gap spacing, i.e., z g ≤ 1 mm or z g ≤ 3 mm. Fig.7(a) and (b)indicate the results of cotton and wool materials, respectively, when XP R ≤ 0 dB, whereas Fig.7(c) and (d) indicate the those when XP R ≥ 0 dB. The angle of incidence θ 0 ranging from 0 to 89 • was considered. Similar to Fig.6, the error bars denote the standard deviation due to individual differences in the textiles and skin tissue thickness.When XP R ≤ 0 dB, the curves of z g ≤ 1 mm and z g ≤ 3 mm show a small discrepancy with each other. This indicates that in a radio-wave environment dominated by horizontally polarized incidence waves, the difference of air gap spacing may have impact on the frequency dependence of ratio of the APD to ΔT at 20-100 GHz. On the other hand, when XP R ≥ 0 dB, as shown in Fig.7(c) and (d), a relatively large standard deviation occurs in the considered frequency range. With the increase of the air

Fig. 6 .

 6 Fig. 6. Ratio of APD to ΔT at skin surface as a function of frequency under selected range of incidence angle (θ 0 ) at 20-100 GHz when (a) XP R ≤ 0 dB (cotton), (b) XP R ≤ 0 (wool), (c) XP R ≥ 0 dB (cotton), and (d) XP R ≥ 0 (wool).

Fig. 7 .

 7 Fig. 7. Ratio of APD to ΔT at skin surface as a function of frequency selected range of air gap spacing (z g ) at 20-100 GHz when (a) XP R ≤ 0 dB (cotton), (b) XP R ≤ 0 (wool), (c) XP R ≥ 0 dB (cotton), and (d) XP R ≥ 0 (wool).

Fig. 8 .

 8 Fig. 8. PDF characteristics of APD when ΔT is 0.5 • at 20-100 GHz with XP R from -50 to 50 dB for different textile materials under selected ranges of incidence angle and air gap spacing, (a) cotton (θ 0 ≤ 30 • and θ 0 ≤ 60 • ), (b) wool (θ 0 ≤ 30 • and θ 0 ≤ 60 • ), (c) cotton (z g ≤ 1 mm and z g ≤ 3 mm), and (d) wool (z g ≤ 1 mm and z g ≤ 3 mm).
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