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Abstract 
 

When an antenna is located close to a lossy medium, near-

field interactions appear and may modify the incident 

electromagnetic field. In this stydy, we analyse for the first 

time analyticaly and numericaly the impact of 

antenna/human body interactions on the absorbed power 

density (APD) at 60 GHz using a skin-equivalent model. 

To this end, equivalent sources and patch antenna arrays 

are used. The results demonstrate that the antenna/body 

interactions result in an increase of the average APD 

(increase up to 84.1%, 98.3%, and 103.3% for adult dry, 

adult wet, and children skin, respectively) and modification 

of its spatial distribution. These results suggest that APD is 

underestimated in free-space measurements and that 

accurate experimental dosimetry requires taking into 

account the presence of the human body. 

 

1 Introduction 
 

The evolution of communication devices and saturation of 

the microwave spectrum leads to the increasing 

exploitation of the millimeter-wave (mmW) spectrum. In 

particular, the 60-GHz band has been identified as an 

attractive solution for radio access and backhauling in 

future mmW systems. Wireless devices, such as 

smartphones or tablets, which are intended to be used in the 

vicinity of the human body, have to comply with the 

exposure limits. In the 6–300 GHz range, the absorbed 

power density and epithelial power density are used as the 

main dosimetric quantities [1, 2]. Both the ICNIRP and 

IEEE set the limits to 10 mW/cm2  for occupational 

environments (referred as restricted environments in the 

IEEE standard), and 2 mW/cm2  for the general public 

(referred as unrestricted environments in the IEEE 

standard). Above 6 GHz, the power density is to be 

averaged over 4 cm2 and 6 min. Moreover, from 30 to 300 

GHz, the power density averaged over 1 cm2  must not 

exceed two times the exposure limit for 4 cm2.  

 

The existing dosimetry systems [3]–[5] are designed to 

measure the incident power density in free-space close to a 

wireless device under test. However, when an antenna is 

located in the vicinity of a lossy medium, electromagnetic 

contrast at the air/lossy medium interface results in 

appearance of a scattered field and near field interactions, 

modifying the field impinging the human body [6]. Hence, 

in free-space measurements of the incident power density 

variations of the power density due to the coupling of a 

wireless device with the human body are not taken into 

account. 

 

The main purpose of this study is to analyze the impact of 

the antenna/human body interactions in the near-field on 

the absorbed power density (APD) at 60 GHz. Equivalent 

sources and patch antenna arrays are compared. The role of 

the reflection coefficient from skin, antenna directivity and 

ground plane dimensions are also investigated.   

 

2 Exposure scenarios 
 

To analyze variations of APD in a homogeneous skin-

equivalent model due to the presence of a radiating 

structure, the considered exposure scenarios are depicted I, 

Figure 1. 

 
(a) Scenario 1 

 

 

(b) Scenario 2 (c) Scenario 3 

Figure 1. Exposure scenarios.  

Scenario 1: An antenna equivalent source representing a 

single or four-patch antennas arrays radiating towards a 

semi-infinite flat skin-equivalent model (Figure 1a). In this 

scenario, the impact of the scattered from the phantom field 

on the antenna performances is neglected. 

 

Because of the shallow penetration depth at mmWs (<1 

mm), a homogenous skin-equivalent layer is used as a 

model [7]. The dielectric properties of the skin model are 

those of dry skin at 60 GHz extracted from [8]. For 
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completeness, we also provide the main results for wet skin 

(Table 1) [8]. 

Table 1. Skin model complex permittivity and reflection 

coefficient 

Skin model Permittivity (ɛ) 

Amplitude 

reflection 

coefficient (|R|) 

Adult (dry) 07.98 − j10.90 0.6145 

Adult (wet) 10.22 − j11.83 0.6296 

 

Scenario 2: Scenario 1 with a perfect electric conductor 

(PEC) parallel to the skin model (Figure 1b) to simulate the 

case where the free-space antenna matching, efficiency, 

and radiated field are preserved and not modified by the 

phantom. 

 

Scenario 3: Patch antennas placed in the vicinity of the 

skin model (Figure 1c). The source main beam is directed 

towards the phantom representing the worst-case exposure 

scenario. The following sources have been considered: 

single patch antenna (SPA) and patch antenna array with 4 

radiating elements (2×2 PAA), inspired from [9] (Figure 2) 

and matched to 50 Ω in free-space at 60 GHz. All results 

are provided for an antenna input power of 10 mW. 

 

  
(a) (b) 

Figure 2. Antenna topologies: (a) single patch antenna 

(SPA); (b) 2×2 patch antenna array (2×2 PAA). 

Dimensions are in mm. 

3 Methods  
 

The analytical and numerical methods used for exposure 

assessment. 

 

3.1 Analytical method 
 

In scenarios 1 and 2, APD is calculated using the plane-

wave spectrum theory (PWS) [11, 12]. It represents the 

spatial distribution of each field component over a 

transverse plane as a superposition of the plane waves 

propagating along different directions defined by the 

couplet  𝑲 = 𝑘𝑥𝑥̂ + 𝑘𝑦𝑦̂ . The PWS of an electric field 

phasor component 𝑬(𝑹, 𝑧0) over a plane Ψ identified by 

𝑧 = 𝑧0 and 𝑹 = 𝑥𝑥̂ + 𝑦𝑦̂ is expressed as 

𝑬̂(𝑲, 𝑧0) =  ∫ 𝑬(𝑹, 𝑧0)𝑒𝑗𝑲·𝑹𝑑𝑹 
𝑹

. (1) 

The tangential spectrum components of the incident (𝑬̂𝒊𝒏𝒄
||

) 

and transmitted fields (𝑬̂𝑡𝑟
||

) at the air/phantom interface are 

related as follows  

 

Scenario 1: 

 

𝑬̂𝑡𝑟
|| (𝑲) = 𝜫𝟏𝑬̂𝒊𝒏𝒄

|| (𝑲). (2) 

 

Scenario 2: 

 

𝑬̂𝑡𝑟
|| (𝑲) = 𝜫𝟏(𝐼 + 𝑒−2𝑗𝑘𝑧𝑑𝜞𝟏)−1𝑬̂𝒊𝒏𝒄

|| (𝑲) (3) 

  

where 𝜫𝟏  and 𝜞𝟏  are the spectral transmission and 

reflection coefficients at the air/phantom interface given in 

[10], 𝐼  is the identity matrix, 𝑘𝑧  is the longitudinal 

propagation constant given as 𝑘𝑧 = √𝑘2 − |𝑲|𝟐 with 𝑘 is 

the propagation constant, and 𝑑  is the PEC–phantom 

separation distance. 

 

The normal field spectrum component is obtained from the 

tangential field spectra 𝑬̂|| using the Gauss law 

𝑬̂𝒛 = −
𝑲 · 𝑬̂||

𝑘𝑧

  (4) 

The H-field spectrum is calculated as [12] 

𝑯̂𝑡𝑟 =
1

𝜇𝜔
(𝒌) × (𝑬̂𝑡𝑟) 

 
(5) 

The spatial field components (𝑬 and 𝑯) are retrieved using 

the inverse Fourier transform of the field spectra. The APD 

is calculated as [1] 

𝐴𝑃𝐷 = ∬ 𝑅𝑒[𝑬 × 𝑯∗]
𝐴

·
𝒅𝒔

𝐴
 (6) 

where 𝑑𝑠  is the integral variable vector with the normal 

direction to the integral area 𝐴 on the body surface. All 

results are provided for an averaging area 𝐴  of 1 cm2 

(except 2-dimensional APD distributions provided in 

sections 4.2). Note that the APD is identical to the epithelial 

power density as defined by [2]. 

 

3.2 Numerical method 
 

Scenario 3 was analyzed numerically using the finite 

integration technique (FIT) implemented in CST 

Microwave Studio.  

 

4 Results 
 
To analyze the APD variations due to the antenna/body 

coupling, the following figures of merit are defined 

 

𝛶(2,1) =
𝐴𝑃𝐷2

𝐴𝑃𝐷1

 (7) 

𝛶(3,1) =
𝐴𝑃𝐷3

𝐴𝑃𝐷1

 
(8) 

 

where 𝑨𝑷𝑫𝟏, 𝑨𝑷𝑫𝟐, and 𝑨𝑷𝑫𝟑 are APD from scenarios 

1, 2, and 3, respectively. 

 



 

 

 

4.1 Equivalent sources 
 

Here, we consider the equivalent sources corresponding to 

the single patch and four-patch antenna array (scenarios 1 

and 2). Υ(2,1) is calculated from Equations (1)–(7) for the 

dry skin model using 2×2 PAA (Figure 3a).  

 
(a) 

 
(b) 

Figure 3. Equivalent sources:  (a) Υ(2,1); (b) Free-space 

peak power density. 

Significant differences in Υ(2,1) maxima and, to a smaller 

extent, minima between the antenna-equivalent sources are 

noted for d < 20 mm (Figure 3a). The APD increases 

(decreases) up to (down to) 174% (39%), 342% (54%), for 

the SPA, and 2×2 PAA, respectively. This is due to the 

differences in the attenuation rate of the peak power density 

in free-space PDfs of the antenna-equivalent sources 

(Figure 3b). Indeed, when the PDfs  attenuation rate is 

higher, Υ(2,1)  is lower. Υ(2,1)  of both antenna-equivalent 

sources converges with d to 1/d2oscillatory function (free-

space power density decrease in the far-field).  

 

The APD increase is proportional to the reflection 

coefficient at the air/skin interface (APD increase up to 

373.4% for the wet skin model). 

 

4.2 Patch antennas 
 

When an antenna is located in the vicinity of a scatter, its 

matching and radiation characteristics are altered. To 

exclude the effect of the antenna mismatch, APD3  is 

normalized to (1-S11/Ph
2) and APD1 to (1-S11/FS

2), where 

S11/Ph and S11/FS are S11 of the antenna in the presence of 

the phantom and in free space, respectively. Note that 

modern wireless devices are equipped with matching 

networks designed to compensate for the mismatch. 

 

Figure 4. Υ(3,1) for the patch antennas.  

The changes in the APD due to the antenna/phantom 

coupling (scenarios 1 and 3) are shown in Figure 4. The 

APD increases up to (decrease down to) 84.11% (25.7 %) 

and 79.2 (30.1%) for SPA and 2×2 PAA, respectively. The 

variations are higher for wet skin (increase up to 98.25% 

and decrease down to 32.5%) and children (increase up to 

103.3% and decrease down to 33.7%). 

 

The results shown in Figure 4 demonstrate that there is no 

direct correlation between Υ(3,1) and the source directivity 

even for short d as seen in scenario 2 (Figure 3a). Indeed, 

Υ(3,1)  is lower compared to Υ(2,1) . This difference is 

attributed, to a smaller extent, to losses inside the antenna 

(18.6%, with respect to the total accepted power at d =
2.25 mm ) and, to a larger extent, to the scattering 

properties of the antennas. The higher the scattering, the 

lower the APD variations. 

 

Note that the ground plane size impacts the APD variations. 

For instance for the SPA, the APD variations increase with 

size until the ground plane becomes large enough (e.g., for 

ground plane dimensions of 2.5 × 2.5  to 10 × 10 mm2 , 

Υ(7,5) increases from 10% to 79%). 

 

Furthermore, we analyzed the impact of the near-field 

interactions on the spatial APD distribution for the 2×2 

PAA (Figure 6). The distribution of APD3 is affected by the 

antenna/phantom interactions and evolves with d. For d 

corresponding to the maximum APD (i.e., 9.75 mm), the 

absorbed power density is concentrated around its 

maximum. It extends progressively over a larger surface 

when d approaches the value corresponding to APD 

minima (i.e., 8.75 mm). When the spatial distribution of 

APD is concentrated around its maxima, the spatial 

averaging area has a stronger impact on the mean APD, 

which rapidly decreases with the averaging area (e.g., the 

ratio between APD averaged over 1 cm2 and 4 cm2 equals 

to 2.86 and 3.17 for d = 8.75 and 9.75 mm, respectively).  



   
 (a) 

   

 
(b) 

Figure 6. APD distribution for 2×2 PAA (scenario 3, left 

column) and 2×2 PAA equivalent source without PEC (scenario 

1, right column): (a) d=8.75 mm; (b) d=9.75 mm. 

5 Conclusion 
 

We analyzed the impact of the near-field antenna/body 

interactions on APD at 60 GHz. The results show that the 

presence of the body in the vicinity of a source results in a 

modification, mainly increase, of the average APD. For the 

antenna-equivalent sources, the presence of a PEC 

increases the APD up to (decreases down to) 342% (54%), 

for the 2×2 PAA. For realistic antenna, APD increases up 

to 84.11% and decreases down to 30.1% for SPA and 2×2 

PAA, respectively. The variations are higher for wet skin 

(increase up to 98.25%) and children (increase up to 

103.3%). In addition to the peak APD, it was shown that 

the spatial distribution of APD is impacted by the presence 

of the tissue-equivalent phantom and depends on the 

separation distance. These results suggest that the exact 

peak value and distribution of APD cannot be retrieved 

from measurements of the incident power density in free-

space in absence of the body model. 
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