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Abstract-This study investigates the impact of the ear and the finger curvature on the electromagnetic (EM) power absorption and resulting heating to quantify the potential enhancement of the induced exposure levels compared to commonly used planar tissue models. The analysis is performed at millimeter-wave (mmW) frequencies upcoming for 5G and future generations, with a special attention to 26 GHz and 60 GHz. A cylindrical model is used to calculate EM power density and heat in fingers (radii a ≤10 mm) and EM power density in ears (1 mm≤ a ≤5 mm). To compute the temperature rise in the ear, the model is modified to account for heat conduction in the tissue connecting the ear to the head. Our results show that for transverse electric (TE) polarization the maximal absorbed power density remains generally lower than for a planar interface (up to -38.2 % at 26 GHz and -18.7 % at 60 GHz) and exceeds this value for transverse magnetic (TM) polarization (up to 72.3 % at 26 GHz and 15 % at 60 GHz). The resulting heating is always higher than for the planar model. For the ear model (a =1 mm), the variations at steady state reach 93.11 % at 26 GHz and 103.62 % at 60 GHz.

Index Terms-Curved phantoms, dosimetry, fifth-generation (5G), mmW.

I. INTRODUCTION

W ITH the upcoming massive deployment of 5G, wireless networks are expected to be heterogeneous in terms of frequency and coverage. Several countries have already proceeded to deploy millimeter-wave (mmW) small cells in the 24-28 GHz range (just below the mmW region starting at 30 GHz [START_REF]Auction 101: Spectrum frontiers -28 GHz[END_REF], [START_REF]Shaping europe's digital future[END_REF]) and are devoting a great attention to frequencies around 60 GHz [START_REF][END_REF], [START_REF]Fact sheet on spectrum frontiers item[END_REF]. Wireless devices operating in these bands are already available on the market [START_REF] Infineon | 60GHz radar sensors[END_REF], [START_REF]Industrial mmWave radar sensors[END_REF]. At these frequencies, the absorption in the human body is mainly superficial due to a shallow penetration depth [START_REF] Hirata | Human exposure to radiofrequency energy above 6 GHz: Review of computational dosimetry studies[END_REF]. Most of dosimetry studies performed in this range employed planar monolayer [START_REF] Nakae | Skin temperature elevation for incident power densities from dipole arrays at 28 GHz[END_REF], [START_REF] Ziane | Antenna/body coupling in the near-field at 60 GHz: Impact on the absorbed power density[END_REF] or multilayer [START_REF] Ziskin | Tissue models for RF exposure evaluation at frequencies above 6 GHz[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] tissue-equivalent electromagnetic (EM) models. However, for some body parts where the wavelength in the skin is comparable with their curvature radius, the planar approximation may result in an unrealistic estimation of the exposure levels.

Some reports investigated the impact of the curvature radius in the 900MHz-3.7GHz range [START_REF] Li | Mechanisms of RF electromagnetic field absorption in human hands and fingers[END_REF] on human hands exposure and body-centric propagation at 60 GHz [START_REF] Petrillo | Analytical creeping wave model and measurements for 60 GHz body area networks[END_REF]. A recent study considered 2 cm to 5 cm curvature radii to analyze exposure levels induced in an arm model from 6 GHz to 60 GHz [START_REF] Diao | Assessment of absorbed power density and temperature rise for nonplanar body model under electromagnetic exposure above 6 GHz[END_REF]. However, for some body parts (such as finger or ear located in the vicinity of mobile devices during a call or browsing) the curvature radii are of several mm.

The exponential decrease of the field intensity inside a soft tissue can only be valid at frequencies where the ratio between the curvature radius a and penetration depth δ exceeds a factor of 5 (typically in the skin a > 19 mm at 10 GHz, a > 5 mm at 26 GHz, a > 2.39 mm at 60 GHz) [START_REF] Barnes | Handbook of biological effects of electromagnetic fields[END_REF]. This is due to constructive/destructive interference of the EM field in tissues for smaller a.

The aim of this study is to investigate the impact of the ear and finger curvature on the EM power absorption and heating compared to the conventional planar tissue models. The analysis is performed at the frequencies upcoming for 5G and future generations of mobile networks [START_REF][END_REF], [19], with a special emphasis on 26 GHz and 60 GHz (for the sake of simplicity referred in the rest of the paper as mmW since at 26 GHz the interactions between EM fields and human tissues are similar to those at mmW).

II. MATERIALS AND METHODS

A. Exposure Scenario

Ears and fingers are among the most exposed body parts since they are in contact or in proximity of wireless devices during browsing or phone calls. For these body parts with relatively small radii (compared for instance to arms, torso or head), the penetration depth at mmW is comparable to the typical curvature radii. In this case, planar models may result in an inaccurate evaluation of the exposure levels. We considered two 2D models representing in 3D (Fig. 1): (1) an infinite cylinder (Phantom 1);

(2) an infinite cylinder extended along x axis (Phantom 2).

The latter is obtained by adding to the cylinder a parallelepiped with a rectangular section (l × 2a, l = 7 cm). In the EM study, the finger and the external parts of the ear are represented by Phantom 1. The 1-5 mm range is considered as a typical range of curvature radii of the ear, while a ≤ 10 mm corresponds to the typical radii of the finger [START_REF] Cakit | A survey of hand anthropometry and biomechanical measurements of dentistry students in Turkey: Hand anthropometry and biomechanical measurements of dentistry students[END_REF], [START_REF] Hohendorff | Lengths, girths, and diameters of children's fingers from 3 to 10 years of age[END_REF]. Note that due to the shallow penetration depth the effect of the curvature is Exposure scenarios. Fig. 1.

of importance only for the external part of the ear, which can be locally represented by a cylinder. Due to thermal conduction, the heat propagates deeper into tissues compared to the EM power. Therefore, in the thermal analysis we used Phantom 2 to model the ear.

The EM problem is solved analytically and numerically considering an impinging plane wave with the E field parallel [TM polarization] and perpendicular [transverse electric (TE) polarization] to the cylinder axis. The complex permittivity of the phantom is that of human dry skin (17.71 -j16.87 at 26 GHz and 7.98 -j10.90 at 60 GHz [START_REF] Gabriel | Compilation of the dielectric properties of body tissues at RF and microwave frequencies[END_REF]). Due to the symmetry of the considered phantoms, 2D models are used to reduce the computational cost.

B. Analytical Model

The EM analytical solution is obtained considering the scattering from an infinite dielectric cylinder [START_REF] Jin | Theory and Computation of Electromagnetic Fields[END_REF]. The incident fields can be expressed in cylindrical coordinates as

E TM inc = ẑE TM z,inc = E 0 N max n=N min j -n J n (k 0 ρ) e jnφ (1a ) 
H TE inc = ẑH TE z,inc = H 0 N max n=N min j -n J n (k 0 ρ) e jnφ , ( 1b 
)
for TE and TM plane waves, respectively, where E 0 and H 0 are the amplitudes of the corresponding incident fields, J n is the Bessel function of order n, k 0 is the wave number in free space, z, ρ and φ are the cylindrical coordinates. The starting and ending values of the summation for the following analysis have been set to N max = -N min = 80. These values are chosen to ensure the formation of a plane wave and approximate accurately the field inside the cylinder section when considering a radius representative of ears and fingers (a in the 1-10 mm range). The field inside the cylinder is expressed as

E TM int = ẑE TM z,inc = E 0 Nmax n=-Nmin c n J n (k r ρ) e jnφ (2a
)

H TE int = ẑH TE z,inc = H 0 Nmax n=-Nmin d n J n (k r ρ) e jnφ ( 2b 
)
where

c n = 2j -(n+1) / (πk 0 a) H (2) n (k 0 a) J n (k r a) - √ ε r H (2) n (k 0 a) J n (k r a) , ( 3a 
)
d n = 2 √ ε r j -(n+1) / (πk 0 a) √ ε r H (2) n (k 0 a) J n (k r a) -H (2) n (k 0 a) J n (k r a) , ( 3b 
)
k r and ε r are the wave number and permittivity of the skin and H

(2

)
n is the Hankel function. H field for the TM polarization and E field for the TE polarization are computed with the Maxwell's equations [START_REF] Jin | Theory and Computation of Electromagnetic Fields[END_REF]. The absorbed power density (AP D) is calculated as [START_REF]Guidelines for limiting exposure to electromagnetic fields (100 kHz to 300 GHz)[END_REF] 

AP D = 1 2 Re [E × H * ] • n (4) 
and the power loss density (P LD) as [START_REF]Guidelines for limiting exposure to electromagnetic fields (100 kHz to 300 GHz)[END_REF], [START_REF]IEEE Standard for Safety Levels With Respect to Human Exposure to Electric, Magnetic, and Electromagnetic Fields, 0 Hz to 300 GHz[END_REF] 

P LD = σ skin |E rms | 2 , ( 5 
)
where n is the normal to the surface of the cylinder, σ skin is the skin conductivity and the E rms is the root mean square value of the E field.

C. Numerical Model

To validate the analytical results, we used the finite element method (FEM) implemented in COMSOL Multiphysics. A perfectly matched layer (PML) with a thickness of 3λ is positioned around the structure to reproduce the free-space condition. To further eliminate the reflections at the simulation boundaries on the external side of the PML, scattering boundary conditions are added. A plane wave having the wave vector k in the x direction and the E field in the z (TM polarization) or y (TE polarization) direction is used to excite the structure. The structure is discretized with a tetrahedral mesh. The maximal mesh cell size is λ/15 in the free space and λ/40 in the phantom (corresponding to 0.07 mm at 26 GHz and 0.04 mm at 60 GHz). The total number of cells ranges from 430 000 to 700 000 at 26 GHz and from 430 000 to 1 000 000 at 60 GHz for 1 mm ≤ a ≤ 10 mm.

An identical model is used for the thermal study to compute the temperature increase by solving the Pennes' bioheat equation [START_REF] Pennes | Analysis of tissue and arterid blood temperatures in the resting human forearm[END_REF]. The steady state (SS) and transient temperature rises are computed. The temperature distribution in the absence of the EM source is used as the initial condition for the latter. The blood flow coefficient is set to 7440 W/(m 3 K) and the skin density to 1109 kg/m 3 [START_REF] Hasgall | IT'IS database for thermal and electromagnetic parameters of biological tissues version 4.0[END_REF]. In addition, to simulate the heat exchange between the phantom and the surrounding environment, a convective flux is imposed at the surface of the skin with a heat transfer coefficient of 5 W/(m 2 K). 

III. RESULTS

A. Power Density

The AP D for Phantom 1 is analytically calculated and numerically computed at 26 GHz and 60 GHz. Since the considered diameters are smaller or comparable with typical dimensions of 4 cm 2 spatial-averaging area in the international guidelines [START_REF]Guidelines for limiting exposure to electromagnetic fields (100 kHz to 300 GHz)[END_REF], [START_REF]IEEE Standard for Safety Levels With Respect to Human Exposure to Electric, Magnetic, and Electromagnetic Fields, 0 Hz to 300 GHz[END_REF], in the following analysis we considered local AP D and P LD. The peak AP D (AP D max ) in the curved structures is compared to that at planar air-skin interface of a homogenous phantom (Fig. 2).

AP D max tends to converge to that of a planar interface for a > 13.45 mm at 26 GHz and a > 4.2 mm at 60 GHz [99 % convergence]. For a tending to 1 mm, the amplitude of AP D max variations increases. At both frequencies, for the TE polarization AP D max remains lower than for the planar interface, while for the TM polarization AP D max is higher. This is due to the fact that the |E TM z,int | at (-a, 0) decreases when a increases and the field distribution is symmetrical with respect to xz. On the contrary, E TE x,int phases are anti-symmetrical with respect to the same axis. The ripples for the TE polarization are due to the surface waves on the cylinder. A similar behaviour was reported for the TE polarization on a perfect electric conducting cylinder [START_REF] Jin | Theory and Computation of Electromagnetic Fields[END_REF]. At 

TABLE I SUMMARY OF THE MAIN EM AND THERMAL RESULTS

26 GHz, the AP D max variation for a = 1 mm corresponds to -38.2 % for TE and 72.3 % for TM polarization. At 60 GHz, the maximal increase is 15 % (TM polarization) and the maximal decrease is -18.7 % (TE polarization). The strongest variations for a = 1 mm at 26 GHz can be attributed to the fact that at this frequency the penetration depth is higher and the phantom is electrically smaller than at 60 GHz. ΔAP D max trend at the surface of the phantom is almost identical to that of ΔSAR max (data not shown for the sake of brevity). The highest deviation between ΔAP D max and ΔSAR max is +8.4 % at a = 1.05 mm (26 GHz) and -1.4 % at a = 1.25 mm (26 GHz). Analytical results are in an excellent agreement with simulations.

The analysis of the variations of the AP D max is then extended to 5-60 GHz (frequency range upcoming for 5G and beyond [START_REF][END_REF], [19]). Fig. 3 reports the curvature radius a corresponding to 5 % and 10 % variations of AP D max compared to the planar interface.

These values are chosen to provide a quantitative estimate of the frequency-dependent threshold for a. Above this threshold the variations of AP D max may be considered negligible. The data points are computed every 1 GHz and interpolated with exponential functions. The functions that better approximate the data considering confidence bounds of 95 % are:

1) for TE polarization a T E 5% = 72.4e -0.2678f GHz + 16.4e -0.03757f GHz ; (6a)

a T E 10% = 49.56e -0.2962f GHz + 13.13e -0.0448f GHz ; (6b) 
2) for TM polarization

a T M 5% = 70.97e -0.2345f GHz + 13.56e -0.03495f GHz ; (7a) a T M 10% = 43.33e -0.2279f GHz + 8.481e -0.03403f GHz . (7b)
Interestingly, the results are almost independent of polarization. At 26 GHz, the radii a corresponding to a 5 % variation are 6.1 mm (TE polarization) and 5.5 mm (TM polarization), the ones corresponding to 10 % variations are 4.1 mm (TE polarization) and a = 3.55 mm (TM polarization). At 60 GHz, the radii resulting in a 5 % modification are 1.9 mm (TE polarization) and 1.95 mm (TM polarization), while the ones resulting in a 10 % variation are 1.15 mm (TE polarization) and 1.25 mm (TM polarization). It is worth noticing that these radii are comparable (for an adult) or slightly greater (for a child or a toddler) than the typical ear radius. At lower frequencies, greater radii are required to induce variations lower than 5 % or 10 %. In other words, if a is comparable with the curvature radii of the ear and/or finger (i.e., a ≤ 10 mm), the power absorption would differ by more than 5 % or 10 % compared to the planar model. As an example, at 5 GHz a peak AP D variation lower than 5 % and 10 % can be reached only for the curvature radii representative of limbs [START_REF] Diao | Assessment of absorbed power density and temperature rise for nonplanar body model under electromagnetic exposure above 6 GHz[END_REF], e.g., for arms approximately a = 30 mm and a = 20 mm, respectively. Smaller curvature radii would result in higher variations.

To get a deeper insight into the absorbed power distribution, P LD over the cylinder cross-section is computed for a = 1 mm, a = 5 mm, and a = 10 mm (Fig. 4).

For all a, the peak P LD occurs at the phantom surface. Due to a relatively high electrical conductivity at mmW, the absorption in essentially superficial for all the models, except for a = 1 mm at 26 GHz. This is a consequence of the fact that at this frequency the penetration depth is about 1 mm, which is comparable with the curvature radius.

B. Temperature Rise

The temperature rise associated to the EM exposure is computed for 1 min and 6 min of exposure as well as at SS, which is reached after about 30-40 min of exposure. Although 6 min is the duration chosen in the international standards for time averaging [START_REF]Guidelines for limiting exposure to electromagnetic fields (100 kHz to 300 GHz)[END_REF], [START_REF]IEEE Standard for Safety Levels With Respect to Human Exposure to Electric, Magnetic, and Electromagnetic Fields, 0 Hz to 300 GHz[END_REF], SS is considered to represent the worst case in terms of temperature elevation and 1 min as a typical duration of a short call or of browsing session. For the short exposure (i.e., 1 min), thermal diffusion can be neglected and the temperature rise is representative of the absorbed power. This is illustrated in Fig. 5 that represents the P LD averaged over the cylinder section.

The results are obtained for an incident power density of 10 W/m 2 . At both frequencies and for both polarizations, P LD av and Δ T av decrease when the cylinder radius increases.

It is interesting to notice that, while at 60 GHz for a = 1 mm P LD av and ΔT av are almost identical for both polarizations (e.g., P LD av = 5671W/m 3 for TE and P LD av = 5840W/m 3 for TM), at 26 GHz there is a difference of about a factor of 2 between TE and TM (P LD av is 3903 W/m 3 for TE and 8203 W/m 3 for TM). This may seem to be contradictory with respect to the results described in Section III-A, where it is shown that for TE polarization AP D max for small radii is lower than the value obtained with the same a for TM polarization (difference of 126.32 % at 26 GHz and 32.57 % at 60 GHz for a = 1 mm). However, the temperature rise depends on the total absorbed power rather than on its peak value. At 60 GHz, when a = 1 mm Figs. 4(c) and 4(d) the absorption is superficial and the difference in terms of the peak values between the two polarizations has only a limited impact on the total absorbed power. On the contrary, at 26 GHz, even if the absorption cannot be considered fully volumetric, P LD differs significantly over the whole cylinder section for the two polarizations Figs. 4(a The maximal temperature rise ΔT max is reported in Fig. 6, while some key results, showing ΔT max and the associated ΔAP D max , for a = 1 mm, 5 mm, and 10 mm are summarized in Table I.

The temperature elevation is computed using the cylindrical model (Phantom 1) for 1 mm ≤ a ≤ 10 mm and the modified model (Phantom 2) for 1 mm ≤ a ≤ 5 mm, representative of the ear dimensions. As expected, for both frequencies and polarizations ΔT max increases with the exposure duration and reaches its maximum at SS. All the configurations lead to a higher temperature rise for small a and tend towards the reference value of the planar interface for radii approaching 10 mm. Similarly to Fig. 5, for all the exposure durations and a = 1 mm, the maximal temperature elevation is almost the same for the two polarizations at 60 GHz and differs by about a factor of 2 at 26 GHz.

Contrary to AP D max (Fig. 2), ΔT max variations are significantly higher compared to the planar interface. As an example, these variations at SS and for a = 1 mm can reach 161.51 % for TE polarization and 451.45 % for TM polarization at 26 GHz (Fig. 6). Under the same conditions, at 60 GHz ΔT max variations are of 214.41 % and 226.03 % for TE and TM polarizations, respectively. However, as discussed in Section II, for the curvature radii representative of the ears the cylindrical model is not suitable to compute the temperature elevation since the tissue portion connecting the ear with the head contributes to the heat dissipation. For this reason, ΔT max computed considering Phantom 2 is also reported in Fig. 6. The temperature rise is strongly reduced compared to the results for the cylindrical phantom due to a wider surface experiencing heat convection. In this case, for a = 1 mm the variations at SS are 92.95 % (TE polarization) and 93.11 % (TM polarization) at 26 GHz, and 103.62 % (TE polarization) and 31.65 % (TM polarization) at 60 GHz. For a = 5 mm, ΔT max for Phantom 2 approaches that of Phantom 1.

It is interesting to notice that for a = 1 mm after 6 min of exposure and at SS, the temperature rise for the TE polarization becomes comparable (at 26 GHz) or higher (60 GHz) than the one for TM when considering Phantom 2, while for Phantom 1 ΔT max is almost the same for both polarizations at 60 GHz, and it is higher for TM than for TE at 26 GHz. This variation relies on the fact that for TE polarization in Phantom 2 the P LD increases due to fact that the exposure is not only induced on the skin-air interface of the curved portion but also along the side with a length l, thus increasing the overall power absorbed by the tissue.

IV. DISCUSSION AND CONCLUSION

This study investigates the impact of the ear and finger curvature on the EM power absorption and heating at mmW frequencies upcoming for 5G and future generations, with a special attention to 26 GHz and 60 GHz. To analyze the exposure levels in curved body parts we considered two homogenous skin models: (1) an infinite cylinder; (2) an infinite cylinder extended along x axis. The first one is used to evaluate the EM power density in finger (a up to 10 mm) and ear (1 mm ≤ a ≤ 5 mm) as well as the temperature rise in the finger. The latter is used to calculate the temperature rise in the ear, to account for the thermal conduction due to the tissue connecting the ear to the head.

At 26 GHz and 60 GHz, for TE polarization AP D max remains lower than for the planar interface case, while for TM polarization AP D max is higher. At 26 GHz the variations reach -38.2 % for TE and 72.3 % for TM polarization. At 60 GHz, the maximal increase is 15 % for TM polarization and the maximal decrease is -18.7 % for TE polarization. As a increases AP D max approaches the planar interface value. This shows that at 26 GHz and 60 GHz, for curvature radii comparable to the ones of the ear (a ≤ 5 mm) the difference compared to the planar interface in terms of AP D max can be higher than 10 % and that this difference increases as frequency decreases due to a higher penetration depth. For a finger with a radius a = 10 mm the variations are lower than 10 % at 26 GHz and 5 % at 60 GHz.

The variations of ΔT max in respect to a planar interface are significantly stronger compared to those of AP D max . For the ear at SS they reach 92.95 % (TE polarization) and 93.11 % (TM polarization) at 26 GHz, and 103.62 % (TE polarization) and 31.65 % (TM polarization) at 60 GHz. Independently of the polarization the temperature increase for curved structure with a radius in the considered range (1 mm ≤ a ≤ 10 mm) leads to a temperature increase which is higher than the one for a planar interface. This is mainly due to the different thermal boundary conditions and a low heat conduction of air, which results in higher heat accumulation for curved structures due to the decrease in heat exchange with the surrounding medium.

The resulting variations of the AP D max are lower than the safety margins applied to exposure limits (i.e., 10 for general public and 2 for occupational exposure [START_REF]Guidelines for limiting exposure to electromagnetic fields (100 kHz to 300 GHz)[END_REF]). For small radii (i.e., of about 1 mm), AP D max and ΔT max variations become higher than the ones induced by age-dependent physiological parameters (∼15 % [START_REF] Sacco | Age-dependence of electromagnetic power and heat deposition in near-surface tissues in emerging 5G bands[END_REF]) and by the presence of a textile (∼50 % [START_REF] Sacco | Impact of textile on electromagnetic power and heating in near-surface tissues at 26 GHz and 60 GHz[END_REF]). The phantoms used in this study approximate the shapes of finger and ear, which are not purely cylindrical. Our preliminary results on anatomical models-not reported in the paper for the sake of brevity-show a good agreement with the canonical phantoms (difference of 2 % in term of AP D max at 60 GHz, TM polarization [START_REF] Lojić Kapetanović | Novel procedure for spatial averaging of absorbed power density on realistic body models at millimeter waves[END_REF]). The detailed analysis of the impact of more realistic anatomical shapes and radiating sources on the EM exposure and temperature rise is one of the perspectives of this study and will be reported in a separate paper.
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 2 Fig. 2. Variations of the AP D max as a function of the curvature radius with respect to the planar interface at (a) 26 GHz and (b) 60 GHz.
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 3 Fig. 3. Curvature radius a corresponding to 5 % or 10 % variations in terms of AP D max as a function of frequency for (a) TE polarization, and (b) TM polarization.
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 4 Fig. 4. P LD distribution over the cylinder section for a = 1 mm [(a) TE and (b) TM polarizations at 26 GHz, (c) TE and (d) TM polarizations at 60 GHz], a = 5 mm [(e) TE and (f) TM polarizations at 26 GHz, (g) TE and (h) TM polarizations at 60 GHz], and a = 10 mm [(i) TE and (j) TM polarizations at 26 GHz, (k) TE and (l) TM polarizations at 60 GHz].
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 5 Fig. 5. P LD av (left axis) and ΔT av after a 60 s exposure (right axis) as a function of the curvature radius a at (a) 26 GHz and (b) 60 GHz.
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 6 Fig. 6. ΔT max as a function of the curvature radius a for the cylindrical geometry and the one used to model the thermal diffusion in the ear at (a) 26 GHz and (b) 60 GHz.
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