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ABSTRACT  

Millimetre-wave (mm-Wave) bands are becoming increasingly relevant for modern communication standards due to their large 

bandwidth and enhanced security. This development in communications standards has inspired the emergence of innovative 

antenna configurations within these bands. Moreover, a growing concern over the possible adverse consequences of mm-Wave 

frequency exposure on human health motivates investigations into mm-Wave frequency's impacts on the human body. This 

paper investigates the impact of a Printed Gap Waveguide (PGW) antenna on the human body at 60 GHz. A Magneto-Electric 

(ME) dipole antenna with broadband operation and identical radiation characteristics in the mm-Wave band is proposed. PGW 

technology is utilized to implement a ME dipole antenna for studying human body exposure to 60 GHz Electromagnetic (EM)  

radiation. ME-dipole elements have been developed and examined, and EM exposure is calculated in terms of Specific Absorp-

tion Rate (SAR).The antenna is made up of a cross-shaped ME-dipole that is supported by an Artificial Magnetic Conductor 

(AMC) side wall cavity. The antenna with the proposed design achieves 23.4% relative impedance bandwidth at 60 GHz over 

the entire operating frequency range. Simulations were performed to investigate and validate the performance of the structure 

using Computer Simulation Technology (CST) and a high-frequency structure simulator (ANSYS HFSS). On the basis of the 

presented results, there is a clear advantage in evaluating the Specific Absorption Rate (SAR) according to this state-of-the-art 

guiding structure and meeting the global standards.  

  

Keywords: Millimetre-Wave (mm-Wave) Communications, Head Phantom, Specific Absorption Rate (SAR), Magneto-

Electric (ME) Dipole, Printed Gap Waveguide (PGW).  

 

I. INTRODUCTION  

Wireless communication networks have made it possible for 

billions of people to be linked to the internet so that they can 

enjoy the benefits of today‟s digital economy [1]. In addition, 

the expansion of bandwidth-hungry wireless applications has 

driven demand for technologies that can support larger band-

widths. Furthermore, the current level of saturation in the mi-

crowave spectrum emphasizes attention to new frequency 

ranges. As a result, the emergence of bands with broad band-

width capable of meeting the anticipated high data rate for 

handling ultra-high-speed applications was required [2]-[4]. 

Therefore, the utilization of mm-Wave frequency bands has 

been considered a vital step towards the realization of future 

wireless communication systems [5]. The unlicensed 60 GHz 

range (from 57 to 66 GHz) specifically has a considerable po-

tential for high-data-rate wireless communications [6], [7]. 
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 Furthermore, the 60 GHz band can be provided to pro-

mote the ISM band to higher frequencies in order to satis-

fy the data rate demands of next-generation wireless 

communication systems [8].  Besides the high data rates 

that can be reached in this spectrum, energy propagation 

in the 60  

 

 

GHz band has specific characteristics that provide for a 

multitude of other advantages, such as superb immunity to 

interference and a high level of frequency reuse [9], [10]. 

Although the 60 GHz band provides additional spectrum, 

excessive signal attenuation is going to be a significant hur-

dle to 60 GHz communications [11]. This can be attributed 

to the fact that the atmospheric absorption at 60 GHz has a 

significant impact on transmission distances [12]. Conse-

quently, a high gain broadband antenna is considered a 

remedy for such diminution, which may be accomplished 

by utilizing proper feeding networks developed using dif-

ferent techniques [13]-[15]. It might be challenging to de-

sign such antennas in order to achieve acceptable perfor-

mance in terms of gain and efficiency while minimizing 

complexity. Therefore, there is a great demand for wide-

band and compact antennas suitable for a wide range of 

mm-Wave communication systems. In addition to providing 

superior electrical characteristics such as minimal cross-
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polarization, low back-lobe radiation, and stable gain all over the 

whole bandwidth. 

Based on this concept, a wide-band complementary antenna 

known as the ME dipole was developed [16]. The ME dipole 

antenna has recently received significance due to its beneficial 

characteristics such as a wide impedance bandwidth, high front 

to back ratio, and identical radiation patterns. The principle 

behind a ME dipole antenna is to simultaneously excite both an 

electric dipole and a magnetic dipole, resulting in identical H- 

and E-planes and stable radiation patterns [17]. A wide range 

of research has been conducted for the development of ME 

dipole antenna structures with complementary sources of an 

electric and a magnetic dipole in the 60 GHz band [18]-[20]. 

The antenna system's feeding networks are different based on 

the guiding structure employed.  

Microstrip line technology has been reported as being signifi-

cantly lossy at mm-Wave bands and having large radiation 

losses, which is mainly the reason for antenna system efficien-

cy degradation [21], [22]. In addition, substrate-integrated 

waveguide (SIW) technology improves isolation; however, at 

mm-Wave, the dielectric losses subject the system to degrada-

tion, which incurs additional costs and complexity [23], [24]. 

Hollow metal waveguides provide the lowest insertion losses, 

but they must be implemented by carving grooves into the met-

al plate before covering it with another metal plate. This should 

be performed in order to guarantee electrical connections and 

precise sealing, which is challenging and costly in mm-Wave 

applications. Considering typical millimetre-wave technolo-

gies' limitations, new guiding structures are required to address 

these shortcomings and provide low-loss circuits at mm-Wave. 

Gap waveguide (GW) technology has demonstrated multiple 

benefits in millimetre-wave antennas, alongside other various 

components. Gap waveguide technology was launched in 2009 

as a high-frequency new alternative to hollow waveguides, 

microstrip lines, SIW, and other traditional guiding structures 

[25]- [27]. GWs are more cost-effective and planar compared 

to hollow waveguides, especially for high frequencies such as 

millimetre waves. The latter is due to the fact that there are no 

mechanical joints through which electric currents must float. 

On the other hand, GWs have lower losses than microstrip 

lines, and they are completely self-shielded, eliminating addi-

tional packaging requirements, unlike microstrip circuits, 

which suffer from substantial packaging problems. In addition, 

SIW structures suffer from losses due to the presence of the 

substrate and the metallization via holes, which is an expensive 

complication. 

The basic concept of GW resembles that of a PEC-PMC paral-

lel plate waveguide. No propagation emerges between PEC-

PMC plates when the gap separation is less than λ/4 [28]. GWs 

are realized in a narrow gap between two parallel metal plates, 

utilizing a texturing or multilayer structure. A periodic PEC 

bed of pin texture has been utilized to form the PMC plate. A 

guiding wave mode can be generated by adding a ridge or 

groove between the pins [29]-[34]. The waves can follow the 

metal ridge within the textured surface. A high surface imped-

ance (PMC) at both sides of the ridge prevents propagation in 

any other direction. In this way, PEC-PMC parallel plates are 

employed, resulting in a proper frequency stopband [35], [37]. 

As a result, cavity resonances cannot be observed within 

this operating range. 

Furthermore, GW construction prevents wave leakage 

because there is no electric contact between the metal 

plates. Moreover, the PGW is proposed as a new promis-

ing guiding medium in the mm-Wave range due to recent-

ly reported advantages such as low   

loss, self-packaging, and quasi-TEM propagating mode 

[38]-[41]. PGW is a lightweight and inexpensive approach 

that has recently been employed for enhancing mm-Wave 

antenna performance. Therefore, the ME dipole antenna 

based on PGW technology at 60 GHz is presented. 

Since any wireless device must include antennas or antenna 

arrays that are always close to the customer's body, the ex-

treme attachment of people to cell devices can lead to long-

lasting exposure to EM radiation [42],[43]. So, EM expo-

sure to wireless devices is to be firmly regulated globally to 

ensure the safety of consumers [44]. The Specific Absorp-

tion Rate (SAR) is considered a major parameter to define 

the safety limits, which is defined as the EM energy rate 

absorbed by biological tissue. SAR gives a convenient 

means of measuring the RF exposure attributes of wireless 

devices to ensure that they comply with the safety standards 

laid down by the U.S. Federal Communications Commis-

sion (FCC).  

The characteristics of the 60 GHz band are unique and ena-

ble many advantages, such as excellent immunity to inter-

ference, high protection, and frequency reuse [45]. Addi-

tionally, high data rates can be achieved in this spectrum. 

High-frequency emissions at 60 GHz can be absorbed by 

the moisture in the human body and hence do not penetrate 

beyond the skin‟s outer layers. So, the 60 GHz systems pre-

sent the solution of compromising between performance 

and safety over other RF communication systems. 

The SAR limit for wireless devices is 1.6 W/kg according 

to the guidelines of the Institute of Electrical and Electronic 

Engineers (IEEE) and FCC [46], averaged over 1 grammes 

of tissue. While the SAR limit is 2.0 W/kg according to the 

guidelines of the International Commission on Non-

Ionizing Radiation Protection (ICNIRP) [47], it averages 

over 10 grammes of tissue. As all wireless devices must be 

supplied with SAR values, there is strong compliance with 

the listed guidelines requirements for efficient SAR antenna 

implementation theories and techniques. 

Recent studies have discussed the SAR evaluation [48]-

[51]. Further research investigated the SAR calculations at 

60 GHz., providing various antennas working in this prom-

ising band. Single and layered human tissues with a mi-

crostrip patch antenna interaction at mm-Wave frequencies 

of 28, 40, and 60 GHz are proposed along with an EM radi-

ation study [52]. A model of human tissue is exposed to a 

radiating source by increasing the antenna radiating power 

from 20 dBm to 24 dBm, where the SAR is evaluated. This 

study highlighted that at 60 GHz, the evaluated SAR is 

higher than the other bands, showing that the SAR value 

increases with frequency. Another study discussed the SAR 

distribution analysis for a substrate-integrated waveguide 

(SIW)-based slot antenna [53]. The SAR distributions in 

homogeneous phantom model due to SIW-based antenna 

are computed at 60 GHz. The measured SAR at 60 GHz 
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with transmitting powers of 1, 10, and 100mW are demonstrated 

in this investigation. EM exposure was observed in terms of SAR 

on 3D human tissue models representing two body parts, the head 

and anterior thighs, at 60 GHz. Another method for calculating 

SAR in the human head is EM modelling of the human head with 

a dipole excitation at 60 GHz [54].  

Based on the literature, evaluated SAR levels at 60 GHZ in 

tissues have a variation of 0.885 to 7e+12 with an approximate-

ly 5 mm distance between tissues and the source. On the other 

hand, the risk of significant radiation losses is a possible down-

side of guiding structures such as microstrip and SIW that have 

a significant impact on the SAR value. This promotes other 

innovative guiding structures, such as the PGW, to meet the 

growing interest in mm-Wave communication systems. The 

proposed PGW antenna has been demonstrated with considera-

ble safety limits to be a good candidate for 60-GHz applica-

tions. In the following sections, the antenna configuration, de-

sign guidelines, and performance of the proposed antenna, in-

cluding gain enhancement, are presented. Afterwards, a model-

ling approach incorporating simplification criteria was de-

scribed, and SAR results calculated on the simplified human 

model were demonstrated.  

 

II. Magneto-Electric Dipole Antenna Design 

a. Antenna Configuration 

The proposed antenna geometry is depicted in Fig. 1, which 

consists of three Rogers RT6002 substrates with a dielectric 

constant of 𝜀𝑟= 2.94 and a thickness of 0.762 mm. In contrast 

to [55], which only uses one dipole, four adjacent square metal-

lic patches representing electric dipoles are printed on the top 

of the substrate. Each patch is connected to the substrate 

ground via a series of five metallic plated via holes set around 

the patch's inner corner. Such a design facilitates the antenna to 

be used in the mm-Wave spectrum instead of using inverted-L 

wires [56]. While a cross-shaped aperture extends from the top 

substrate ground to the patch forming the magnetic dipoles. 

This cross-shaped aperture consists of two rectangular aper-

tures, representing vertical and horizontal magnetic dipoles, 

respectively. 

 

 

(a) 

 

 
(b) 

Fig. 1. (a) 3D view of the proposed antenna geometry. (b) Side 

view. 

 

This cross-shaped groove acts as a feeding aperture, excited 

by a PGW line printed on the bottom substrate through a 

bow-tie slot. This structure differs slightly from the reported 

L-probe feed ME dipole antenna. In this study, an electro-

magnetic band gap (EBG) mushroom-shaped structure 

forming an AMC cavity is implemented for antenna excita-

tion. In the upcoming sections, it is demonstrated to be ef-

fective in tuning the impedance matching and enhancing 

the gain of the proposed design. 
 

 

       
    (a) 

   
     (b) 
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     (c) 

Fig. 2. The proposed antenna layers top views (a) Upper substrate. (b) Middle 

substrate with a bow-tie slot etched on the ground layer. (c) Bottom substrate. 

 

 

b. Design Guideline 

The proposed work employs a ME-dipole antenna that achieves 

stable radiation characteristics across a broad operational fre-

quency spectrum. The electric dipoles are formed with a pair of 

patches mounted on the top substrate surface, as illustrated in 

Fig. 2(a), while the magnetic dipoles have been represented by 

the apertures between the metallic patches. In comparison with 

a conventional ME dipole with an L-shaped probe, it is found 

that a coupling aperture makes it challenging to achieve good 

impedance matching. Therefore, a square AMC side walls 

cavity is utilized for antenna excitation. This cavity is excited 

by a PGW line mounted in the bottom substrate with an input 

port. Fig. 2(b) demonstrates the mushroom-shaped EBG struc-

ture that forms the AMC walls. Moreover, the input power 

from the port is directed to the cavity via a symmetrical end-

launch PGW configuration, as illustrated in Fig. 2(b). To 

properly couple the input power to the ME dipole antenna with 

minimal reflection, the cavity is adopted. An etched Bow-tie 

slot on the bottom ground of the middle substrate couples the 

input signal from the input port. For an adequate coupling and 

impedance bandwidth, the feeding PGW line in the bottom 

layer is terminated with a matching stub. The PGW line with a 

matching stub feeding this slot as shown in Fig. 2(c). The feed-

ing PGW line has been designed with a bow-tie slot to achieve 

deep matching level and provide a broad impedance bandwidth 

of the antenna. The slot is quite moved from the center in order 

to provide a wide impedance matching bandwidth.  
 

A PGW line design and EBG unit cell characteristics and di-

mensions with a bandgap controlled by a mushroom-shaped 

EBG structure are discussed in a number of studies [37]-[39], 

[57]-[59]. The dispersion diagram for the row of unit cells as-

sociated with the designed PGW section is depicted in Fig. 3. 

The air gap for the proposed PGW line has been configured to 

ℎ𝑔= 0.254mm, whereas the conducting layer thickness is set to 

be 0.035mm. The diagram was calculated using the Computer 

Simulation Technology (CST) Eigen mode solver, and it indi-

cates that a bandgap occurs between 24 and 70 GHz, where the 

quasi-TEM mode is propagating. The detailed proper dimen-

sions of the presented ME-dipole antenna and the PGW 

structures are provided in Table. 1. 
 

Table 1. Dimensions of the presented ME dipole antenna (in mm). 

Parameter 𝒅𝒂𝟏 𝒅𝒂𝟐 𝒘𝒂𝟏 𝒘𝒂𝟐 𝒘𝒗𝟏 𝒍𝒗𝟏 

Value 0.9 0.5 0.25 2.05 0.2 0.45 

Parameter 𝒍𝒂𝟏 𝝋𝒂 𝒅𝒉𝟏 𝒘𝒉𝟏 𝝋𝒉 𝒍𝒗𝟐 

Value 1.25 0.8 0.85 2.8 0.65 1.6 

Parameter 𝒘𝒉𝟐 𝒍𝒉𝟏 𝒅𝒄 𝒘𝒗𝒓 𝝋𝒗 h 

Value 0.5 0.3 3.95 0.685 0.65 0.762 

 

The performance of the antenna at the operating frequen-

cy of 60 GHz is shown in Fig. 4, where a matching level 

less than -15 dB is achieved from 56 to 66 GHz. Moreo-

ver, the gain has been demonstrated which shows more 

than 9 dBi. The reflection coefficient has been compared 

with another simulator HFSS to validate the performance. 

Furthermore, the simulated 3D radiation patterns in both 

the E-plane and the H-plane for different operational fre-

quencies are depicted in Fig. 5. 

 

 
 
Fig. 3. Dispersion diagram of PGW row of unit cells. 

 

 

 
Fig. 4. The Reflection Coefficient of The Proposed Antenna. 
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(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 5. The proposed antenna radiation pattern at 60 GHz..(a) 56 GHz. (b) 60 

GHz. (c) 66 GHz. 

 

 

 

c. Gain Enhancement of The Presented Antenna 

An AMC surface can be deployed to surround ME-dipole an-

tennas to enhance the gain of the presented antenna, as shown 

in Fig. 2(a). The literature introduces various techniques for 

realizing the AMC, with the deployment of a mushroom form 

representing the most effective and simple technique with a 

wide operating bandwidth. The mushroom-shaped EBG unit 

cell in the suggested design has been chosen to achieve ade-

quate matching as well as better performance over the whole 

bandwidth. The proposed antenna's performance has been in-

vestigated with and without the AMC surface, and a gain 

enhancement of approximately 2.5 dBi and improved 

radiation efficiency have been attained, as shown in Fig. 

6. From this figure, it can be seen that, due to the pres-

ence of the AMC surface, a high gain is obtained. In addi-

tion, Fig. 7 demonstrates that employing AMC surfaces 

improves overall efficiency considerably. Moreover, this 

employment can provide a self-packaged structure that 

can control the propagation and suppress the radiation 

leakage. As a result, it will significantly optimize the ra-

diation surrounding the radiating elements. Furthermore, 

we can clearly see that the sidelobe levels and front-to-

back ratios have improved since surface waves are sup-

pressed in the dielectric substrate, as illustrated in Fig. 8. 

Meanwhile, Fig. 9 shows that the AMC surface drastical-

ly reduces the beamwidths in the E-plane over the operat-

ing frequency range. 

 

 
 

Fig. 6. Simulated gain and efficiency with and without the AMC surface 

of the presented antenna. 

 

 
 

Fig. 7. Simulated total efficiency with and without the AMC surface of 

the presented antenna. 

 

 

 
 

Fig. 8. Simulated front to back ratio of the presented antenna with and 

without the AMC surface. 
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Fig. 9. Simulated 3dB angular beamwidth for the E-plane radiation pattern of the 

presented antenna with and without the AMC surface. 

 

 

III. Head Phantom Model and SAR Calculations 

Since many dispersion mechanisms impact human tissues, EM 

fields are dependent on more than just the strength and frequency 

of external fields. Furthermore, the body in relation to these ex-

ternal fields depends on its shape, size, and electrical characteris-

tics, as well as its orientation [60]-[62]. The biological effects of 

the EM field are determined by the amount of absorbed energy 

and its ability to heat human tissue. Knowing the dielectric prop-

erties of biological tissue is necessary to investigate the reflec-

tion, transmission, and absorption characteristics of the body. 

Considering that the magnetic permeability of biological tissues 

resembles that of free space, electrical permittivity and conduc-

tivity are significant aspects of evaluating the EM and power 

distribution in the body [63]. For the reason human tissues are 

permeable to RF fields, the RF fields permeate the human tissues 

when the  

body is exposed near the device. The depth of penetration can 

be determined by the frequency and conductivity of the tissue. 

For an accurate forecast of the effects of the human body on 

the propagation and absorption of mm-Wave signals, accurate 

tissue models should be developed. The simulation setup for 

the CST head phantom [64] is shown in Fig. 10. Simulations 

consider the dispersion of electrical properties versus frequen-

cy to obtain accurate results [65]. If such is the case, the far-

field parameters can be determined based on defining the elec-

trical properties at a center frequency [66]. Due to the fact that 

most of the mm-wave energy is absorbed within the epidermis 

and dermis layers of the skin [67], the phantom consists of only 

the dry skin layer [68]. Thus, the electrical properties at 60 

GHz are taken into consideration. The composite of the head 

model simulating tissue is set with a dielectric permittivity of 

7.9753, a loss tangent of 1.3673, a mass density (Rho) of 1109 

kg/𝑚3, and a conductivity of 36.397 S/m [52], [69], [70].  

 

In addition, a truncated head model is used to reduce simula-

tion time. The SAR monitor basically records the losses inside 

the calculation domain in the form of electric and magnetic 

losses and uses these losses as a source to compute the SAR 

distribution in the tissue model.  

 

 
 

Fig. 10. Simulated model (Head phantom and antenna) with zoomed 

view of the antenna configuration. 

 

In order to minimize simulation time, it is usual that a 

simplified head model can be used during simulation. 

Furthermore, there are several factors that affect absorp-

tion, including distance from the radiator, anatomy, orien-

tation of the user, and electrical characteristics of the tis-

sues. Therefore, simulation results are computed at dif-

ferent distances between the radiating source and head 

model to study the effect of spacing between the radiating 

source and tissue model, and SAR results for different 

radiating power are recorded. 

 

The SAR distribution on the human head model of 1 g 

averaging standard is shown in Fig. 11. Owing to the 

proposed antenna's wide impedance bandwidth, SAR 

analysis at multiple operational frequencies has been in-

cluded. The SAR distribution is calculated assuming that 

the delivered power to the antenna is 0.1 W. Moreover, at 

60 GHz, the SAR is evaluated with transmitting powers 

of 1 and 10 mW, which are equivalent to those in IEEE 

Standard 802.15.3-2003 for enabling wireless communi-

cations between mobile electronic devices with high-

speed, low-power, low-cost multimedia capabilities [71]. 

Therefore, the SAR values at 60 GHz for different trans-

mitting power levels are recorded in Table 2. 
Table 2. SAR values for different transmitting powers at 60 GHz 

 Transmitting Power (mW) 

1 mW 10 mW 100 mW 

1g of tissue 

SAR (W/kg) 
0.00451 0.0451 0.451 
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(a) 

 
(b) 

 
(c) 

 

Fig. 11. Simulated head phantom and antenna configuration at different operating 

frequencies. (a) 57.5 GHz. (b) 60 GHz. (c) 62.5 GHz. 
 

In this study, it was found that the skin depth of radiation de-

creased at 60 GHz, resulting in hotspots formed as current con-

duction near the surface. Nevertheless, the impact of hotspots 

near the source reduces by around 60 GHz due to  

the substantial attenuation of fields in tissues. In contrast, stud-

ies indicate that the distance between the body and the wireless 

device influences SAR behavior, hence the antenna is kept at a 

5mm distance from the body.  
 

 
(a) 

 
(b) 

 
(c) 

 

Fig. 12. Simulated head phantom and the associated radiation pattern at 

different operating frequencies. (a) 57.5 GHz. (b) 60 GHz. (c) 62.5 
GHz. 

 

On the other hand, Fig. 12 illustrates the 3D polar patterns 

for the phantom existence scenario at different operating 

frequencies. For both free-space and phantom loaded cases, 
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there are no significant differences between the radiation patterns 

of free-space and phantom-loaded cases. As a result, the reso-

nance frequency is approximately stable and the radiation pattern 

remains identical.  

For the purpose of evaluating the influence of implementing the 

AMC surface in the proposed design, the SAR is calculated both 

with and without the AMC surface. Fig. 13 depicts a brief com-

parison that demonstrates the considerable contribution made by 

employing the AMC surface.  

 

 
(a) 

 
(b) 

 
Fig. 13. Simulated head phantom and antenna configuration at 60 GHz. (a) With 

AMC surface. (b) Without AMC surface. 

 
 

Table 3. Comparison of SAR 1g averaged values with other 

technologies at 60 GHz. 

Paper Radiated Power SAR value  

1g Averaged 

[52] 100 mW 0.885 

[53] 100 mW 1.0442 

[72] 100 mW 1.3714 

Our work 100 mW 0.451 

 

Our research has identified a limited number of studies on the 

effect of 60 GHz antennas on the human body. However, the re-

sults showed a significant superiority over the other  

technologies at 60 GHz and were compared with other work in 

the literature in Table 3. The self-packaged design mostly elim-

inates the effects of dissipation and radiation leakage on 

the circuit‟s performance. The PGW technology address-

es the rising demand for communication systems in the 

60 GHz band. 

 

 

IV. Conclusion  

The PGW-based ME-dipole antenna has been demon-

strated. The antenna is excited through the square cavity 

using two PGW lines located at different layers. A cross-

shaped slot has been formed on the top ground of the 

cavity to excite the antenna. The effects of mm-Wave 

exposure at 60 GHz on human tissue have been investi-

gated. The exposure effects of a human head model are 

calculated on the basis of SAR and subjected to a radiat-

ing source. This study provides substantial evidence for 

future emerging PGW antenna technology, permitting 

further development as a potential guiding structure ap-

proaches. As a result, PGW technology opens up a wide 

door for many applications at mm-Wave, especially at 60 

GHz, for safe communication systems in the future. 
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