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1. Introduction 
 

Widespread enrollment of 5th generation (5G) wireless technology is on the way.  The objective is to fulfill the need of higher 

data rates, low latency, and high user density. To attain these objectives, the mm-wave spectrum, particularly the 24-28 GHz, 

37-39 GHz, and 60 GHz bands have been suggested [1], [2].  Because of the high absorption loss at 60 GHz, not much attention 

is being paid to it. So, today 28 GHz and 38 GHz bands are the most sought-after bands for mm-wave 5G communication [3]-

[5]. However mm-wave spectrum poses its own challenges such as high path loss and significant atmospheric absorptions. To 

counteract those losses, various techniques have been exploited to enhance the operating gain of mm-wave antennas. In 

addition, innovative technologies, such as the multiple-input-multiple-output (MIMO) concept have also been implemented in 

the mm-wave range, as it not only promises higher data rates but benefits of diversity as well. 

 

Wearable networks offer great potential for healthcare systems, navigation, and military usage and shall be a key application 

of 5G technology. Antenna design is an important element in the overall design of such wearable networks [6]. The general 

requirements for mm-wave antenna design are large gain, wide bandwidth, and high radiation efficiency. Additionally, for 

wireless body area network (WBAN) systems, the antenna’s specific absorption rate (SAR) shall be maintained within the 

specified limits. Since the electromagnetic (EM) wave can’t penetrate much deep into the human body at mm-wave frequencies, 

instead of SAR value, spatial power density has been specified as a performance metric by ICNIRP, FCC, and IEEE. 

 

Microstrip patch antennas are of obvious choices for wearable applications as they are low profile, lightweight, conformable in 

nature, and easy to implement. However, patch antennas suffer from low impedance bandwidth and partial ground structure or 

defective ground structure (DGS) has been commonly used to enhance the bandwidth. But, this partial ground plane makes the 

antennas have radiation on the back side as well. A bidirectional antenna is inherently a poor receiving antenna at the mm-wave 

spectrum if the signal specifically comes from only one side. Further, the backward radiation is harmful to human tissues, as it 

penetrates through them. This problem can also diminish the radiation efficiency of the antenna. Thus, high isolation between 

the antenna and the human body is a prerequisite for wearable networks.  

 

To resolve this problem, a perfect electric conductor (PEC) or complete metal reflector is traditionally deployed at the back 

side of an antenna geometry to behave the structure as unidirectional. However, the PEC reflector changes the phase of a 

reflected EM wave which can cause destructive interference with the radiating beam, thereby creating a possibility of 

deteriorating the antenna performance. To avoid such a phenomenon, the PEC reflector needs to be placed at least at a distance 

of 0.25λo from the antenna [7]-[9], however, this makes the overall geometry bulky with large volume. As a design requirement 

for a low profile wearable network antenna, the reflector should be placed in close vicinity of the radiating element. The artificial 

magnetic conductor (AMC) behaves like a perfect magnetic conductor (PMC) or reflector at a frequency band and can be placed 

in close proximity to the antenna geometry since it doesn’t introduce any extra phase to the impinging EM wave. In addition, 

an AMC enhances the antenna gain as well as reduces the backside radiation. 

 

Recently, a variety of AMC surfaces are used in various studies to enhance the performances of microstrip patch antennas. In 

Ref. [10], an annular slot antenna with an AMC reflector is presented. Three different AMC structures and their usage as a 

reflector are demonstrated as well as compared with a PEC reflector. The suppression of the backside radiation by placing the 

AMC at a minimal distance is demonstrated with the help of an antenna prototype. However, the said AMC structures are meant 

for narrow-band applications only. In Ref. [11], a printed dipole antenna backed with a rhomboid AMC is suggested for 

vehicular wireless communication. The geometry is studied with and without the presence of an AMC structure and a 

performance enhancement is observed in terms of a size decrement of 42.3%, gain improvement by 8.4 dB, and resulting in a 

unidirectional radiation pattern. The use of AMC has improved the gain by 1.9 dB in addition to the reduction of backside 

radiation by 8 dB as well as power density to 10 W/m2 (from an initial value of 200 W/m2) in Ref. [12]. However, the band of 

operation is comparatively narrow and centered around 24 GHz. 

 

In this study, a detailed discussion of a printed monopole MIMO antenna backed by a broadband AMC design for 5G wearable 

network working at 28 GHz is reported. A careful design of the AMC structure has led to a significant improvement in the 



performance of the antenna geometry in terms of operating gain, impedance bandwidth, and radiation direction. The antenna 

design is further expanded to a two-port MIMO configuration for obtaining a high data rate and increased channel capacity. 

Both the antenna geometry with and without AMC structures are fabricated and their measured responses conform to those of 

the simulated results, thereby validating the proposed concepts. 

 

2. Design of AMC Backed Printed Monopole MIMO Antenna 

 

2.1 Printed Monopole Antenna Design 

 
The schematic of the proposed single antenna design is illustrated in Fig. 1. It consists of a printed monopole element on the 

top side of the substrate, whereas the bottom side contains a partial ground plane. The radiator is fed by a 50 Ω microstrip line 

and Rogers RO 4003(TM) substrate has been used as the constituent dielectric, which has a relative permittivity of 3.55 and a 

loss tangent of 0.0027. The thickness of the substrate is taken as 0.3 mm. The overall dimensions of the proposed geometry are 

15 mm x 15 mm. Other physical dimensions are mentioned in Fig. 1. 

 

 

Figure 1. A Diagrammatic representation of the proposed single monopole antenna. The optimized dimensions 

are: L=W= 15, lf = 7.9, Wf = 0.7, lS = 6 (units: mm).  

 

The proposed geometry is simulated in Ansys HFSS 2020 software. The simulated result exhibits a -10 dB impedance 

bandwidth of 4.4 GHz (25 -29.4 GHz) centering around 28 GHz. The structure is also fabricated using LPKF Protomat S104 

equipment. The measured -10 dB impedance bandwidth is found to be 5.34 GHz (26.68-32.02 GHz). Both the simulated and 

measured results are compared in Fig. 2 and they achieve good conformity between them. 

   

 

Figure 2. Simulated and measured reflection coefficient (S11) response of the proposed single antenna.  

 

 

 



2.2 1 × 2 MIMO Antenna Design 
 

               
(a)                                                   (b)                                                                     (c) 

Figure 3. (a) Geometry of the proposed 1 × 2 MIMO antenna with sep = 15 mm. Photograph of the fabricated 

MIMO antenna: (b) top layer, and (c) bottom layer.  

After presenting the single antenna design, the two-port MIMO antenna geometry is depicted in Fig. 3(a), where the elements 

are placed side by side. The geometric dimensions and the substrate properties remain the same, whereas the separation (sep) 

between the monopoles is considered as 15 mm, based on the optimized responses. The top and bottom layers of the fabricated 

MIMO antenna prototype are depicted in Figs. 3(b) and 3(c).   

 

Figure 4. Simulated and measured S-parameter plots of the proposed 2-port MIMO antenna. 

The simulated and measured S-parameters for 1 × 2 MIMO are shown in Fig. 4. It is observed from the measured results that 

the antenna is working at a frequency band from 26.68 GHz to 32.02 GHz with S11 lower than -10 dB.  The isolation is also 

observed to be above 18 dB throughout the operating range. The simulated and the measured results achieve good conformity 

between them. 

 

2.3 Wideband AMC Design 
 

 
      (a)                                                          (b)                                              (c) 

Figure 5. (a) The unit cell geometry of the proposed AMC, and (b) its periodic boundary set up. (c) Simulated 

reflection phase characteristics of the AMC unit cell. The dimensions are: L1= 5, W1=10, s=0.41, d=0.82, e = 0.2, 

f=1.04, g=0.52, h=2.08, i=4.17 (units: mm). 

 



 

An artificial magnetic conductor (AMC) [13]-[15] is a periodic structure inspired from the metamaterial concept which 

imitates the attributes of a perfect magnetic conductor (PMC). The unit cell geometry is generally made from a combination of 

inductive and capacitive components to exhibit resonance. At the resonance frequency, the AMC structure provides a high 

surface impedance along with a 0o reflection phase for a normally incident transverse electromagnetic (TEM) wave. The AMC 

is also described as suppressing surface wave propagations of TE and TM modes. With this high surface impedance, the 

incoming EM wave gets reflected from the AMC surface without any phase addition, unlike in the PEC case. This reflected 

wave, while properly transmitted in the desired direction, can constructively interfere with the radiating beam and can achieve 

an increased gain with a unidirectional radiation pattern. The AMC used in this work has been designed to exhibit a wideband 

operation in line with the proposed antenna. 

The proposed AMC is made of two metallic layers sandwiching a single layer dielectric of Rogers RO 4003(TM) substrate 

of thickness 0.3 mm (relative permittivity of 3.55 and loss tangent of 0.0027). The top layer is two interconnected I shaped slots 

etched out of a metallic patch (Jerusalem Cross), whereas the bottom layer is complete metal laminated. The unit cell geometry 

and its periodic boundary setup are presented in Figs. 5(a) and 5(b), respectively. The corresponding reflection phase is 

displayed in Fig. 5(c). It can be observed that the reflection phase cross the 0o level at around 28 GHz. While considering the 

phase range from -90o to +90o, a wide bandwidth is thus obtained around 28 GHz which will be used in improving the antenna 

performance. 

 

2.4 MIMO Antenna backed with AMC Array 
 

The designed printed monopole MIMO antenna is placed above the AMC array as shown in Fig 6(a) with 3.4 mm separation 

between them. The separation is selected such that connector of antenna can be accommodated in the space between antenna 

and AMC.  The array size (5x4) is chosen in such a way so as to completely cover the 1x2 MIMO antenna. The antenna along 

with AMC is shown in Fig 6(b). The simulated and measured S-parameter results are presented in Fig 7. It is observed that the 

MIMO antenna with AMC exhibits a -10 dB impedance bandwidth of 2.10 GHz (27.10–29 GHz). The measured result 

demonstrates that there is good conformity between measured and simulated results. 

          

 (a)                                                      (b)                                                                 (c) 

Figure 6. (a) Geometry of the proposed AMC array (5 × 4). The dimensions are: L2 = 25 mm, and W2 = 20 mm. (b) 

Fabricated photograph of the AMC structure, and (c) photograph of the complete MIMO antenna with AMC. 

 

Figure 7. Simulated and measured S11 and S12 response of the proposed MIMO antenna with AMC. 

 

 



3. Results and Discussion 

 

3.1 Radiation Pattern 

 

The simulated 3D far-field gain pattern for the proposed antenna is shown in Fig. 8(a) for 28 GHz. It can 

be witnessed that the peak gain of 4.36 dBi is obtained at 28 GHz. It is also evident that the antenna is 

radiating in the broadside direction. With the introduction of the AMC structure, the radiation pattern of 

the designed antenna becomes unidirectional as it acts as a reflector to main radiator. The simulated 3D 

far-field gain patterns for the proposed antenna with AMC is shown in Fig. 8(b) for 28 GHz.  It can be 

witnessed that the peak gain of 9.25 dBi is obtained at 28 GHz frequency. It is further witnessed from Fig 

9(a) that the total gain at 27 GHz or 29 GHz is reduced as compared to 28 GHz. This is possibly due to 

the fact that AMC has limited bandwidth. So it cannot maintain uniform phase for all frequencies away 

from its center frequency and so the radiation pattern becomes frequency dependent [19].   

 

Simulated 2D radiation patterns of the proposed antenna (without and with AMC) in two orthogonal planes 

(E and H planes) are depicted in Fig 10, showing the radiation taking place in broadside direction. Fig. 

9(b) presents the simulated radiation efficiency of the proposed antenna. It is shown that radiation 

efficiency of antenna marginally reduces after introduction of AMC in operating frequency band.  

              

                       (a)                                                                   (b) 

Figure 8. Simulated 3D far field gain pattern of the proposed antenna (i) Without AMC (ii) With AMC at 28 GHz. 
   

          

                         (a)                                                                    (b) 

Figure 9. Simulated gain versus frequency for antenna (without and with AMC), and (ii) simulated radiation 

efficiency versus frequency for antenna (without and with AMC). 
  

 

 

 

 

 



 
(a) 

 
(b) 

(c) (d) 

 

Figure 10. Simulated 2D Radiation Pattern  at 28 GHz (i) E-Plane (Without AMC) , (ii) H-Plane (Without AMC) , 

(iii) E-Plane (With AMC) , (iv) H-Plane (With AMC) 
 

3.2 MIMO Parameters 

 
Important parameters like envelope correlation constant (ECC), total active reflection constant (TARC) and channel capacity 

loss (CCL) for confirming the MIMO antenna (with AMC) performance have been examined. The parameters are determined 

from scattering coefficients, using equations mentioned in [16]. The ECC, which is a measure of correlation or isolation between 

the radiation patterns of the proposed MIMO antenna, has been achieved well below the desired limit at both the operating 

frequencies (around 28 GHz and 38 GHz), as shown in Fig. 11(a). The TARC, which is the ratio of total reflected power to the 

total incident power, is obtained within the desired value, as depicted in Fig. 11(b). The CCL which measures the rate of 

information that can be reliably transmitted over the communication channel is obtained within the desired value of less than 

0.5 bits/seconds/Hertz in the proposed MIMO antenna. The response is depicted in Fig. 11(c). All the parameters are determined 

from simulated as well as measured from S-parameters, and they have close conformity around the operating frequency. 

         

(a)                                                      (b)                                                                 (c) 

Figure 11. Simulated and measured MIMO performance parameters of the proposed 1 × 2 MIMO antenna: (a) ECC, 

(b) TARC, and (c) CCL. 

 

3.3 Safety Analysis  

 
Analysis of the health risk of an antenna for wearable networks is of paramount importance. For assessing the absorbed energy 

in human tissue, specific absorption rate (SAR) is a quantitative figure of merit [17]. The American standard for accepted value 

of SAR is 1.6 W/kg for 1 g of tissue while the European standard is of 2 W/kg for 10 g of tissue [18]–[19].  For SAR analysis 

in this work, planar three-layer and four layer human body models are taken. The length and breadth of model is taken as 25 

mm and 10 mm respectively while thickness values of constituents (i.e. skin, fat, muscles and bone) are given in Table I [20].  

The models are frequency dependent. For three-layer human body model layers of skin, fat, and muscles are taken while for 



the four-layer human body model bone layer is also included along with skin, fat, and muscles . The values of conductivity, 

permittivity, loss tangent and density for constituents of human model are calculated at 28 GHz and are given in Table II [21]. 

 

Simulations to get SAR values of Printed Monopole antenna without AMC and with AMC have been carried out at 28 GHz 

over 1 g average as per IEEE standards. Due to memory constraints of computer, safety analysis of only single monopole 

antenna could be done and safety study of MIMO system shall be subject of future study. The human model is kept at a 

separation of 6mm from antenna. Although for mm-wave frequencies, the power standard is yet to be defined, in this work the 

SAR has been calculated at an input power of 24 dBm. Same is used for the SAR evaluation of LTE smartphones as well [22].   

 

Figure 12 shows the simulated SAR distribution of the proposed MIMO antenna (with and without AMC) on different positions 

on three layer and four layer human body model. It can be observed that the peak value of SAR (37.02 W/Kg) take place at 

junction of skin and fat layer in case of three layer model when Antenna is used without AMC.   

 

Table III shows the values of average SAR calculated over 1 g for the considered three-layer and four-layer human models with 

24 dBm power. It is observed from these tables that the introduction of AMC decreases SAR values of the antenna at 28 GHz 

and makes it lesser than specified maximum value of 1.6 W/Kg when input power is 24 dBm.   

 

At mm-wave frequencies the wavelength becomes shorter and so most of the EM energy is spread on the skin. Thus there is 

negligible penetration of EM wave at mm-wave frequencies. Thus the SAR calculation shall no longer be effective for the 

safety analysis of an antenna at mm-wave frequencies [23]. Spatial Power Density (SPD) estimation approach is the preferred 

choice for safety analysis of an antenna at mm-wave frequencies. The SPD exposure limits as per IEEE specifications is 10W/m2 

for 3-30 GHz frequency range [24]-[25]. Table III also presents the Power density exposure distributions at 28 GHz for the 

three layer and four layer model at 24 dBm input power. It can be observed that the introduction of AMC reduces PD values 

for the antenna and makes it lower than the limit of 10 W/m2.   

 

Table I: Human tissue models with layer thicknesses (units: mm) 

Model/ Tissue 

(Layers) 

Skin (Top 

Most layer) 

Fat (Second 

Layer) 

Muscle 

(Third Layer) 

Bone 

(Fourth Layer) 

Three Layer Model 

(units: mm) 

3 7 50 - 

Four Layer Model 

(units: mm) 

2 5 20 13 

 

Table II: Dielectric properties of the human tissues at 28 GHz 

Sl.

No
. 

Tissue 

(layers) 

Bulk 

Conductivity 
(S/m) 

Relative 

Permittivity 

Loss 

tangent 

Mass 

Density 
(Kg/m3) 

1 Skin 25.82 16.55 0.33 1114 

2 Fat 5.04 6.09 0.18 909 

3 Muscle 33.61 24.41 0.3 1103 

4 Bone 4.94 5.17 0.37 1821 

 
Table III: SAR level (W/Kg) and SPD level (W/m2) of the proposed antenna at 28 GHz (Input Power=24dBm) 

 

Antenna 

3 Layer Model 4 Layer Model 

SAR PD SAR PD 

Without 
AMC 

37.02 453.92 34.09 534.44 

With 
AMC 

0.112 2.38 0.755 14.11 

 



 
               (a) 

 
                     (b) 

 
                (c) 

 
                    (d) 

Figure 12. Simulated average SAR values of Antenna at 28 GHz at the separation of 5mm for 24dBm power  ; (a) 

three-layer model (without AMC); (b) four-layer model (without AMC) ; (c) three-layer model (with AMC); (d) four-

layer model (with AMC). 

 

3.4 Comparison with Prior Works 

 
Table IV: Comparison of suggested antenna with previously reported AMC based Antennas 

 

Reference 

Board Size 

(mm × mm × 
mm) 

Dimension (λo) 

Freq band 
(GHz) 

Gain 
(dBi) 

1-g 

average 
SAR 

(W/Kg) 

SPD (W/m2) 

[12] 
19.04x15.06x_ 

(1x2 MIMO) 
24 6 - 

2428.3 (calculated on 1 

watt input power) 

[20] 30 x50 x3 4.8–6.7 7.6 0.22 - 

[26] 46 x 46 x 2.4 2.4 7.8 0.0368 - 

[27] 102 x 68 x 3.6 4.30–5.90 6.12 0.37 - 

[28] 72x72x11 4.90–5.5 6.2 - - 

Proposed 

Antenna 

25 x 40 x 3.7 
(1X2 MIMO) 

28 9.25 

0.112 

(three 

layer) 

2.38(three layer ) 

 

The proposed design is compared with earlier reported AMC based antenna structures. Different antenna parameters 

(dimensions, frequency bands, gain, etc.) are tabulated in Table IV and it is observed that the designed MIMO antenna shows 

significantly high gain with a lower form factor and good safety performance. The topology is also simpler. 

 

4 Conclusion 
 

In this work, a printed monopole MIMO antenna backed with Artificial Magnetic Conductor (AMC) has been presented for 

mm-wave 5G (28GHz) WBAN applications. The introduction of the AMC on backside of antenna enhances the peak gain by 

4.89 dBi.   Moreover, the backside electromagnetic radiation of antenna on the human body is examined with SAR and SPD 

using a realistic human body model. The value of SAR and SPD of suggested antenna (with AMC) is found to be drastically 

reduced with the use of AMC.  The geometries are fabricated and the measured responses are in reasonable conformity with 

those of the simulated results. The proposed MIMO antenna is suitable for wearable body area network applications at the mm-

Wave frequencies. 
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