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Abstract: This work presents, design and specific absorption rate (SAR) analysis of a 37 GHz antenna, for 5th Generation (5G) applications. The proposed antenna comprises of 4-elements of rectangular patch and an even distribution. The radiating element is composed of copper material supported by Rogers RT5880 substrate of thickness, 0.254 mm, dielectric constant (εr), 2.2, and loss tangent, 0.0009. The 4-elements array antenna is compact in size with a dimension of 8 mm × 20 mm in length and width. The radiating patch is excited with a 50 ohms connector i.e., K-type. The antenna resonates in the frequency band of 37 GHz, that covers the 5G applications. The antenna behavior is studied both in free space and in the proximity of the human body. Three models of the human body, i.e., belly, hand, and head (contain skin, fat, muscles, and bone) are considered for on-body simulations. At resonant frequency, the antenna gives a boresight gain of 11.6 dB. The antenna radiates efficiently with a radiated efficiency of more than 90%. Also, it is observed that the antenna detunes to the lowest in the proximity of the human body, but still a good impedance matching is achieved considering the −10 dB criteria. Moreover, SAR is also being presented. The safe limit of 2 W/kg for any 10 g of biological tissue, specified by the European International Electro Technical Commission (IEC) has been considered. The calculated values of SAR for human body models, i.e., belly, hand and head are 1.82, 1.81 and 1.09 W/kg, respectively. The SAR values are less than the international recommendations for the three models. Furthermore, the simulated and measured results of the antenna are in close agreement, which makes it, a potential candidate for the fifth-generation smart phones and other handheld devices.
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1  Introduction

The rapid growth in the demand for enhanced low latency, data rates, and better capacity in the wireless communication, have focused the attention of many researchers toward the development of 5th Generation (5G) technology [1], where the role of a Millimeter-Wave (mm-wave) technology becomes important due to the large available bandwidth feature [2,3]. In this regard, the well-known 37–40 GHz mm-wave band is considered as a favorable candidate for 5G communication which can provide a platform for the higher data rates and bandwidth as well as low latency [4]. But the mm-wave technology is limited to short distance communication due to the suffering of these frequencies, greatly by the path loss while propagating [5,6]. To tackle the problem, there is a need of high gain antenna arrays at the mobile and base station terminals.

It is easy to adapt the antenna arrays of even large and complex geometries or feeding structure for the base stations with multiple antenna elements to get a high gain at least more than 10 dB for mobile communication [7,8]. However, for mobile stations, the employment of multiple antenna elements arrays is challenging as the partial volume must be reserved for candidate antennas, covering the sub 6 GHz spectrum. For mobile phones and similar devices these antennas shall be light weight, small size, low profile and simple to manufacture. Microstrip antenna technology offers these features and in addition they are more versatile in terms of frequency, pattern and polarization diversity and hence can be considered as a potential candidate for both the mobile phone and base station [9–13].

The advancement in research on mm-Wave technologies, mainly on wireless and mobile devices, has increased interest in understanding how the propagation of these waves influences the human body. Also, to investigate the possible health effects related to the higher frequency exposures. The interaction of mobile phone and similar devices with the lossy human body is of a great interest in wireless and mobile communication. Especially, hand and head, affect the antenna overall performance, particularly the peak gain, input impedance, radiation pattern, radiation efficiency and impedance matching [14]. In addition, the resonant frequency of the antenna detunes to the left or to the right of the resonant point. Moreover, if the antenna under test, is in near contact with the body, the side and back lobe radiations are absorbed in tissues resulting a serious health implication [15]. The amount of power absorbed per unit mass of the human body, when it is exposed to Electromagnetic (EM) radiation is known as specific absorption rate. SAR is the measure of the EM radiations absorbed by human body per unit mass and can be calculated in watt per kilogram (W/kg) [16]. Due to the health implication of the EM radiations for the mobile phones and handheld devices in mmWave spectrum, the international agencies such as the IEC or the Federal Communication Commission (FCC) set the maximum limit of the EM radiations absorbed by the human body without causing any health implication. The FCC specifies the SAR upper threshold to 1.6 W/kg averaged over 1 g of biological tissues, whereas the acceptable threshold of SAR set by the IEC is 2 W/kg, averaged over 10 g of biological tissues [17].

This paper presents a four element, planar microstrip array antenna operating at 37 GHz, which can be employed in 5G mobile phones and similar devices. The transmission line and quarter wavelength transformation techniques are used for the impedance and phase matching. Both the single element and 4-elements array antennas are analyzed using Computer Simulation Technology® Microwave Studio (CST MWS). The rest of the paper is structured as follows: Section 2, describes the antenna geometry and related theory. Results and findings are given in Section 3. The specific absorption rate is discussed in Section 4, while Section 5 concludes this work and gives recommendations for the future.

2  Geometry of Antenna

2.1 Antenna Constituent

This section presents the final geometry and design evolution steps of the proposed design (Fig. 1). The antenna design is composed of 0.254 mm thicker Roger-5880 substrate of size (L × W = 6 × 10 mm2), having a dielectric constant (εr) of 2.2, and loss tangent of 0.0009. Thinner substrates offer lower surface wave losses, and as a result it is helpful to achieve good gain and efficiency. The substrate is backed by a finite ground plane of similar length and width as that of the substrate. The overall volume of the single element antenna is 10 × 6 × 0.254 mm3. A 50-Ohm connector is used as a source probe for the excitation of the antenna while a quarter wave transformation technique is used for matching the transmission line. Table 1 lists the proposed antenna [18] various dimensions. To calculate the dimensions of the proposed antenna, the rectangular patch antenna transmission line theory is utilized [19].
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Figure 1: Layout of the 37 GHz antenna (front view)
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In Fig. 2, it is shown that how the proposed design (Fig. 1) is achieved by adopting several modifications in the basic layout of the patch antenna. The strips with dimesions of a × b = 1 × 1 mm2 are added to the left of the radiating patch and a slot with dimesions of k × s = 1.2 × 1.2 mm2 is inserted to the right side, makes the proposed design to operate at desired resonance frequency. To carefully chose the dimensions of the strips and slots, few design evaluation steps are performed as shown in Fig. 2a while the comparison among them in terms of return loss is depicted in Fig. 2b. As initially, a basic patch antenna does not yield a reasonable bandwidth considering −10 dB criteria at the desired 37 GHz band while successive improvements are achieved when the strips and slots are adopted in the patch antenna in step (ii) and (iii), respectively. Thus, it proves that the final geometry adopted in step (iii) is quite liable to give a satisfactory resonance at the 37 GHz band with an adequate bandwidth.
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Figure 2: Design evolution and return loss comparison (a) design evolution; (b) return loss comparison

2.2 Array Structure of the Proposed Antenna

The single element antenna (Fig. 1) operates in 37 GHz gives a 6.84 dB peak gain, which is insufficient for 5G mobile phone and similar devices. The gain enhancement is necessary to ensure a good experience at the mm-wave transmission. For the gain enhancement, multiple techniques have been proposed by the researchers in the past [20–24]. The simplest way to enhance the gain of the microstrip antenna is by making the multiple element array of the individual elements [25]. Fig. 3 illustrates the structures of the 2 and 4-elements array antennas. In these structures the identical distribution of each individual element is used with the similar value of amplitude and phase. The stub like structure utilized in single element is removed by carefully adjusting the power divider structure connected with the array structure such that maximum radiation efficiency is ensured. This can be done by providing the similar impedance for each individual element. Each array element is connected to a 50 Ω characteristic impedance transmission line and is excited in such way that the power is equally distributed among them. To avoid mutual coupling between the elements, the spacing between them is kept in multiple of wavelengths, i.e., 0.5λ or 0.25λ. In the proposed model the separation among the neighboring elements is geared up to 1.9 mm. To attain the same phase, the length of the transmission line of each adjacent element is kept equal.

[image: images]

Figure 3: Structure of the array antenna (a) 2-elements; (b) 4-elements

The width of the transmission lines is calculated by using the following relationship [26].

wzc=(377Zcεr−2)×h(1)

where, εr is the relative permittivity and Zc is the characteristic impedance of the feedline. The physical dimensions of the 37 GHz array antenna are summarized in Table 2.
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3  Results and Discussion

This section presents the proposed antenna analysis under two separate conditions (i) Off-body and (ii) On-body. In both conditions the antenna performance is investigated in terms of return loss, Voltage Standing Wave Ratio (VSWR), radiation pattern, gain and surface electric fields, using CST MWS. The antenna is excited by a 50 Ω, K-type connector. The simulations are carried out using the open add space boundary condition around the antenna in the 34–40 GHz frequency span. Fig. 4 shows the measurement setup of the proposed 37 GHz array antenna in antenna measurement facility (anechoic chamber).
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Figure 4: Proposed antenna array under testing

3.1 Off-Body Analysis

Fig. 5 reveals return loss comparison of the single element, 2 and 4-elements array antennas under off-body condition. The return loss is lower than −10 dB in each case. The antenna with single element has a minimum return loss of −22.24 dB at 37 GHz, and the 2 and 4-elements array antennas give a maximum return loss of −36.24 and −33.23 dB respectively at the resonant frequency. The −10 dB simulated bandwidth of the single element, 2 and 4-elements array antennas are 780, 653, and 677 MHz, respectively. The bandwidth is little bit reduced in case of the array strucutre due to the power divider structure, where to some extent losses are incurred which are not avoidable. Moreover, the little bit discrepancy between the simulated and measured results is due to the connector and fabrication tolerances.
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Figure 5: Off-body return loss comparison

The simulated radiation pattern of the antennas at 37 GHz in two orthogonal planes, i.e., E-plane (YZ, ϕ = 90°) and H-plane (XZ, ϕ = 0°) are displayed in Figs. 6a and 6b, correspondingly. The single element antenna gives a 6.84 dB peak gain and radiation efficiency of 91%. The 2-element array antenna consisted of two patch elements enhance the gain by around 3 dB and radiates with a boresight gain of 9.94 dB with a radiated efficiency of 98%. Further doubling the patch elements to four, enhanced the peak gain to 12.8 dB and the antenna radiates with a radiated efficiency of 98%.
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Figure 6: Comparation of radiation pattern at 37 GHz in the two orthogonal planes (a) E-plane; (b) H-plane

Moreover, the single element, 2, and 4-elements array antennas show a 3 dB beamwidth of {(93o, 81.5o), (81.1o, 37.9o), (80.8o, 20.6o)}, respectively in the E and H planes. It can also be analyzed that increasing the number of elements has reduced the side and back lobe level in both the principal planes. As the 4-elements array antenna fulfil the gain and bandwidth requirements for 5G mobile communication system, therefore, it is considered as a proposed model. The gain of the 37 GHz array antenna is indicated in Fig. 7a. The peak values of simulated and measured gain observed at 37 GHz, are 12.8 and 11.6 dB, respectively.
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Figure 7: (a) Gain of the proposed antenna array, (b) Electric field of the proposed 4-elements antenna array

For more explanation Fig. 7b, demonstrates the surface Electric Fields (E-field) of the proposed 4-elements array antenna at 37 GHz. It is observed from the plot that at resonant (37 GHz) frequency, the entire 4-elements are radiating. Therefore, the whole effective length of the antenna contributes to radiations at this frequency.

3.2 On-Body Analysis

The mobile phone and similar devices are operating in the proximity of the human body, and due to the lossy nature of the biological tissues, antenna operation is badly implicated. Therefore, after on-body (free space) analysis of the antenna, this sub-section presents the performance of 5G antenna in the proximity of the human body at 37 GHz. Here, three models (belly, hand, and head) of the human body have been proposed, shown in Fig. 8. These models are modeled and simulated in CST MWS. The ‘belly’ model is made of three layers i.e., skin, fat, and a muscle; while the ‘hand’ model is comprised of four layers i.e., skin, fat, muscle and a bone. Each layer has their own specific thicknesses. The model shown in Fig. 8a presents a 2, 5 and 16 mm thicker skin, fat, and muscle layers respectively. The hand model shown in Fig. 8b is a four-layer model which presents a 2, 4, 10 and 4 mm thicker skin, fat, muscle, and bone layers, respectively. The length and width of these flat human body models (belly and hand) are 50 and 25 mm, respectively. Fig. 8c shows the approximate model of a human head which consists of three layers. A 2 mm thick skin layer, followed by muscle and skull layers with 2 and 6 mm thickness respectively. This model has been proposed by considering a sphere in CST MWS whose radius is given by the thicknesses of the different layers. Since all these layers are lossy in nature with complex biological structure, and different tissues having complex permittivity and conductivity. Therefore, it is very important to carefully characterize these tissues of which the model is comprised. Reference [27] was quite helpful to estimate the tissue properties. The intrinsic properties of the tissues are summarized in Table 3. For on-body simulations the antenna is in the locality of body models.
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Figure 8: Antenna on human body models (a) Belly; (b) Hand; (c) Head
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The simulated return loss of the proposed antenna in free space and in the locality of body is compared and presented in Fig. 9. This clearly shows that when the antenna is placed in the neighborhood of the body, the resonant frequency is slightly shifted in the direction of lower frequencies. This is due to the interaction of the antenna to the lossy human body and depends upon the dielectric constant and thickness of the material used. In addition, due to the conductivity of the uppermost layer skin of human body models an increase in the magnitude of the return loss has also been observed. According to the −10 dB criteria, the driving point impedance bandwidth of the antenna, in the vicinity of ‘belly’, is ranging from 36.44–37.90 GHz, which is equivalent to 654.75 MHz. In the case of human body model ‘hand’, the antenna operates in the frequency range of 36.43–37.09 GHz, corresponds to an impedance bandwidth of 656.78 MHz. Similarly, when the antenna is in the proximity of modelled human ‘head’, the antenna gives a bandwidth of 654.16 MHz. In comparison with the −10 dB bandwidth of the proposed 5G antenna in free space (36.63–37.41 GHz; 780 MHz), the same antenna gives a lower bandwidth when placed near the models of various parts of human body. Though the bandwidth of the on-body condition is lower than the off-body (free space) condition, but still the impedance bandwidth meets all the constraints of using the antenna for 5G wireless services.

[image: images]

Figure 9: Simulated return loss of antenna in free space and in the presence of human body models

Fig. 10 shows the comparison of radiation pattern at 37 GHz, in both E-(YZ, ϕ = 90°) and H-(XZ, ϕ = 0°) planes, when the antenna is closed-proximity of human body. The radiation pattern of the antenna in the locality of the given models are affected by the lossy dielectric substances in terms of absorption and reflection (Fig. 10). In the E and H planes, it seems that overall back lobe radiations, is absorbed in the human body models. This is due to the high permittivity of the tissues that make up the models. It is also redirecting these back lobes in the forward direction, contributing an amplification in the main lobe magnitude, resulting greater boresight gain compared to the gain of the antenna operating in free space (off-body). The increase in the boresight gain results from the human body models work as a reflector, in the vicinity of the antenna. Maximum gain of the antenna on given models of human body, i.e., belly, hand and head are 12.8, 12.7 and 12.7 dB, correspondingly. The radiation efficiency of the antennas is 93.43%, 93.46% and 94.04% for the belly, hand, and head model, respectively. The radiation efficiency of the antenna in the proximity of human body models reduces around 5% compared to the radiation efficiency of the antenna in free space (98%). For more clarity the Three-Dimensional (3D) radiation pattern of the antenna mounted on human body models are portrayed in Fig. 11. These snaps prove that in each case the antennas radiate most of their power away from the human body models.
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Figure 10: Comparison of simulated radiation pattern of the 37 GHz antenna in two orthogonal planes; (a) YZ-plane; (b) XZ-plane
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Figure 11: Simulated gain patterns of the proposed 4-elements array antenna; (a) Free space; (b) Belly; (c) Hand; (d) Head

4  Specific Absorption Rate (SAR) Analysis

The SAR analysis of 37 GHz antenna on various models of human body, i.e., belly, hand, and head, are presented in this section. The study of the SAR is carried out in CST MWS using the IEEE C95.3 averaging method. The SAR is calculated for an average mass of 10 g of biological tissue, considering the IEC standard, discussed earlier in Section 1. Fig. 12 shows the SAR of the proposed 4-elements array antenna on three various human body models (belly, hand, and head). The simulated results are normalized to 0.5-watt power.
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Figure 12: SAR distribution with the maximum input power of 0.5-watt, in; (a) Belly; (b) Hand; (c) Head

The calculated SAR values are, in three models (1.82, 1.81 and 1.09 W/kg, for the belly, hand and head, respectively), less than recommended by the IEC, at 2 W/Kg for any 10 g of biological tissue. Hence, the SAR of the proposed 4-elements array antenna lies in the safe limit of the IEC standard and can be potentially used in future 5G mobile communication. Table 4 provides a comparative assessment of the proposed design and the reference mmW antennas published the past. It is worthy to mention that a proposed design holds a significant privilege over the reported antennas in terms of operational −10 dB bandwidth, compactness, peak gain and radiation efficiency.
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5  Conclusion

In this work a 37 GHz, planar array for 5G mobile communication systems was proposed. The impedance matching was obtained by using the transmission line and quarter wave transformation. The single, 2 and 4-elements array antenna were analyzed using CST MWS. The results demonstrate that a maximum gain of 6.84 dB is achieved from the single element antenna in 37 GHz frequency band. But the gain obtained was less than the required gain for 5G mobile phones and similar devices. Therefore, to obtain the desired gain the antenna with 2 and 4-elements array are designed, and it is analyzed that 4-elements array gives a peak gain of 11.6 dB i.e., measured with a bandwidth of 0.7 GHz. As the desired gain was achieved from the 4-elements array antenna and therefore was considered a proposed model. To study the antenna performance in free space and in the proximity of the human body, three models of the human body tissue (belly, hand, and head) were proposed. The dielectric properties and corresponding densities of the various layers at 37 GHz were considered for the three models. These models are evidenced to be precise enough to compute the return loss of the antenna. It can be evident from the return loss that, due to the lossy nature of human body tissue, the frequency of the antenna detunes from its resonant point. The radiation patterns, analyzed in the free space and in the proximity of the human body models, show a decrease in the back lobes. Also, the SAR analysis of the antenna on three models, i.e., belly, hand and head were calculated for an average mass of 10 g of tissues with an input power of 0.5-Watt, considering the IEC standard. It was observed that small amount of the EM waves is absorbed in the human body tissues, resulting the SAR values of 1.82, 1.81 and 1.09 W/kg, respectively, were lower than the international recommendations (2 W/kg). Hence, the SAR lies in the safe limit, and this was the projected and required characteristics, supporting the idea that the antenna can be potentially used for on-body connections. Thus, a proposed design becomes a potential candidate for 5G mobile phones and handheld devices.
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Table 1: List of the physical dimensions of the 37 GHz antenna

Parameter Value (mm) Parameter Value (mm)
L 6.00 f 1.00
W 10.0 g 0.55
h 0.254 i 0.70
a 1.00 j 1.70
b 1.00 k 1.20
c 0.80 S 1.20
d 1.05 w 0.62
e 1.50 z 0.10
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Table 3: Intrinsic properties of layers/tissues of human body model at 37 GHz [27]

Tissue/layer g, o (S/m) tan 8 o (Kg/m?)
Skin 15.013 31.475 1.0185 1100

Fat 3.4653 2.0966 0.2939 910
Muscle 19.492 41.123 1.0250 1041
Bone 4.574 5.780 0.613 1850
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Table 4: Comparison with reported work based on mm-Wave

Reference Frequency, Bandwidth (GHz) Size (mm?) Gain (dB) Efficiency (%)
[28] 28,1.2 60 x 100 15.5 99

[29] 38,1.77 9.15x 11.6 11.0 59.5

[30] 38,1 30x7 8.5 90

[31] 38,6.8 25 %20 10.1 -

[32] 38,0.7 18 x 26.5 12 92

Prop. 37,0.7 8 x 20 11.6 98
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Table 2: Design parameters of array antenna

Parameter Value (mm) Parameter Value (mm)
p 20.0 A 1.40
q 8.00 Zs 0.27
zZ, 4.56 Z 0.20
Z, 1.10 zZ; 0.10
Z 90.0 gp 1.90

Zg 1.60 - -
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