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Abstract  

This article presented a novel compact multi-input-multi-output (MIMO) hexagonal monopole antenna 

with a uniplanar compact frequency-selective-surface (FSS) array for microwave imaging (MWI). The 

ultra-wideband (UWB) dual-element linear MIMO antenna was designed on the FR4 substrate with 50 Ω 

coplanar waveguide feed, T-strip isolation, novel numerical calculation, and equivalent circuit analyses. 

The main issues of realising high-resolution images based on planer UWB antenna for MWI are the low 

gain, omnidirectional pattern, design size, and mutual coupling of MIMO design. A novel technique was 

proposed to solve a hybrid issue (mutual coupling) of the MIMO reflected-waves from the FSS array and 

direct-wave. The uniplanar UWB-FSS unit cell was compacted by combining a square-loop and cross-

dipole with a size of 0.095λ×0.095λ. The novel isolated UWB-MIMO antenna and UWB-FSS array 

(IMAF) were integrated, after investigating the distance between the antenna and FSS. The fabricated 

IMAF with a stable gain improvement of 4.5 dBi higher than the antenna without FSS, directional 

radiation pattern, size of 30×73.8×21.6 mm3 observed that a low mutual coupling of -27 dB, and operation 

bandwidth of 3.0-11.7 GHz. Moreover, a handbag was scanned experimentally via the bi-static approach 

to detect a small concealed object. The MWI system based on the MIMO antenna with FSS was displayed 

image resolution of 55% higher than that of MIMO antenna without FSS. The new baggage-scanner 

approach confirmed that the proposed MIMO antenna with FSS array can lead the humanity for healthy 

MWI applications. 

 

Keywords  MIMO Antenna, UWB FSS, microwave imaging (MWI) baggage-scanner detection 
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1. INTRODUCTION 

The infamous 9/11 World Trade Centre attack in 2001 and the London car bombings in 2007 had 

generated new security adoption processes around the world [1]. With various approaches to circumvent 

security inspection, it had been imperatively necessary to perform state-of-the-art security screenings in 

airports and public transit stations [2]. Most of the scanners in the airports had been developed via X-ray 

radiation. The X-ray baggage-scanner displays two-dimensional (2D) images that inflict health risks on 

humans as a result of its high ionising radiation [1]. The highlighted concerns motivated this study to 

develop modern scanner systems with low ionising radiation. The current solution suggested a microwave 

imaging (MWI) based ultra-wideband (UWB) system [2], which had been one of the most sought topics 

in the field of imaging. The Federal Communications Commission (FCC) of the United States had 

licensed the UWB with a bandwidth of (3.1-10.6 GHz) [3]. The UWB broad bandwidth has the capacity 

to provide high-resolution imaging. However, it is limited to short detection range as a result of low 

operating power. Therefore, several planar UWB antenna types had been developed for high-resolution 

MWI systems which have been applying expansively in other programmes. To the best of our knowledge 

the Vivaldi antenna [4], antipodal antenna [5], slot monopole antenna [6], and patch monopole antenna [7] 

are the common types of planar UWB antenna for the MWI applications in the literature. Furthermore, 

the literature also addressed cancer detection, see-through wall (STW), and ground-penetrating radar 

(GPR) MWI applications. However, the UWB antenna for the MWI baggage-scanner application had not 

reported yet in the literature. The literature on the UWB antenna for MWI proved that it was a significant 

challenge to realise a high image resolution and accurate location for small object detection. In this study, 

the UWB planar patch monopole antenna (PPMA) was selected for the MWI baggage-scanner because it 

is small in size, has a broad bandwidth and is low fabrication cost. However, the review of PPMAs and 

MIMO PPMAs detected several issues, for example omnidirectional radiation pattern (ODRP) and 

MIMO mutual coupling. 

The UWB-MIMO PPMAs are mostly developed for wireless applications to reduce the mutual 

coupling, and band notch characteristics, as recently illustrated in [8]. On the other hand, few studies are 

implemented the UWB MIMO for MWI. The MIMO antenna enhances the image-resolution and the 

accuracy of the MWI detection systems by increasing the number of scattered signals. However, the 

MIMO antenna had some drawbacks, such as the size of the array and its overlapping signals. In case, the 

antenna was small size that could increase the number of antenna elements in the MIMO form. Several 

MIMO antenna configurations were proposed for MWI tumour detection, such as 16 elements in [9, 10] 

and 12 elements in [11]. A trade-off was noted between the mutual coupling and the antennas’ size. 

Whereas, the MIMO antenna size was increased by setting the distance between the antennas larger than 

the half-guided wavelength of the low resonance band. Moreover, four-element MIMO PPMA in 
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orthogonal orientation formations with two notch bands were introduced in [12] for UWB wireless 

applications and medical MWI. The coupling between the antennas was below -20 dB with an operating 

bandwidth of 3.0–18.0 GHz and with a size of 73×73 mm2.  

The orthogonal and cylindrical MIMO was more suitable for the wireless communication diversity 

than the MWI as a result of the antenna polarisation. A mutual coupling reduction (-30 dB) was realised 

by loading split ring resonators (SRR) between the cylindrical MIMO elements backed by an 

electromagnetic band gap (EBG) operated at narrow bandwidth of 2.0-3.0 GHz for wireless applications 

[13]. However, the linear 2-element UWB-MIMO monopole antenna was proposed using a semi-circular 

annular slot for medical MWI applications [14]. This MIMO antenna was printed on the FR4 substrate (εr 

= 4.4) with an overall size of 58×27 mm2, which achieved the operation bandwidth of 3.1-10.6 GHz. 

Besides, two rectangular slots etched in the ground plane seemed to have maintained the isolation better 

than -20 dB for the entire UWB. In short, the articles [12, 14] presented a solution for several issues, such 

as mutual coupling, compact size, and interference, while these articles maintained issues pertaining to 

the gain and unidirectional radiation pattern (UDRP). 

The cavity-back [15] and the ground plane reflector [16-18] with a UWB antenna were proposed 

for the MWI application to achieve the UDRP. A single layer EBG lens was introduced [19] to improve 

the antenna gain of 11.1 dBi at narrow band of 2.45-2.55 GHz. In addition, a single layer band-pass FSS 

array was proposed in [20] to improve the antenna gain by 2.5 dBi and bandwidth of 0.21 GHz, but its 

satisfactory for narrow bandwidth of (5.2-5.6) GHz. Although the antenna propagated UDRP and a 

compacted size, these antennas observed a narrow bandwidth. Therefore, a UWB reflector with an in-

phase reflection coefficient was recommended for MWI. On the other hand, the dual-plane frequency 

selective-surfaces (FSSs) [6, 21], and multi-layer FSSs [22] were introduced with the planar monopole 

antennas to realise the UDRP for MWI. In [6], the monopole antenna was fabricated on the FR4 substrate 

size of 36×45 mm2 with an operating bandwidth of 3.6-12.6 GHz. The antenna with the 6×6 dual-plane 

FSS array realised a gain of 5-12.5 dBi and UDRP. The FSS unit cell with a size of (0.16λ×0.16λ( where 

λ represented the wavelength of fL observed a linear phase reflection over a bandwidth of 3.4-12.9 GHz. It 

was noted that the antenna achieved a high gain as a result of the FSS linear phase reflection, whereas the 

design revealed a huge size as a result of a used array of 36 FSS cells. After that, a slot monopole antenna 

was configured with two layers of FSS cylindrical that were arrayed for UDRP [21]. The design was 

implemented by simulating the cylindrical antenna. The antenna possessed 32×28×20 mm3, which was 

printed on the top layer of the Teflon substrate (εr=2.1). On the other hand, an array of FSS (unit cell size 

of 0.22λ×0.14λ) was loaded on the bottom layer. The antenna obtained a low gain of 4-6 dBi over a 

bandwidth of 7.5-15 GHz. It was noted that the antenna had a small size and UDRP, but it demonstrated a 

poor gain, fL=7.5 GHz. 
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Then, a planar leaf-shaped monopole antenna was fabricated on FR4 substrate (εr = 4.4) with two 

layers of arrayes 4×4 FSS for GPR MWI [22]. The antenna demonstrated a UDRP, a gain of 5.5-8.4 dBi 

over a bandwidth of 3-14.6 GHz with an overall size of 44×44×20 mm3. This study discovered that the 

smallest UWB-FSS unit cell size of 0.108λ×0.108λ was proposed [22]. However, the size of the design 

was increased because two layers FSS with a non-linear reflection phase were used. Recently, a uniplanar 

UWB-FSS array with UWB PPMA was printed on FR4 substrate for the purpose of communication [23]. 

The asymmetrical structured FSS unit cell with a size of (0.2λ×0.2λ) achieved a stop operation bandwidth 

of 4.7-14.9 GHz. The integrated UWB antenna with an array of 6×6 FSS elements observed UDRP and a 

gain of 5-8.7 dBi. Although the FSS was designed in a uniplanar, it was configured in a large size, and 

therefore, the lower operation band started from 4.7 GHz. 

This review covered cutting-edge articles related to the UWB monopole antenna for the application 

of MWI. Nonetheless, the high isolation, high gain and the UDRP of a MIMO PPMA over the entire 

UWB spectrum had never been examined for the MWI until today. Therefore, this study investigated the 

high mutual coupling of MIMO PPMA for the reflected wave from the arrayed reflector. To the best of 

the authors’ knowledge, the claim of improvements of high MIMO isolation and high gain with a 

unidirectional radiation pattern for the MWI application has not been investigated before. Additionally, 

the baggage-scanner system based on the bi-static UWB MWI of a small object had never been examined 

for security reasons until today. 

In this article, a novel MIMO antenna with a single layer compact FSS array was developed for the 

UWB MWI application. The low gain, omnidirectional pattern, size, and mutual coupling of MIMO 

design were the issues of achieving high-resolution images for MWI. The article was organised 

consecutively. New calculation formula of the proposed UWB antenna configuration was derived with its 

theoretical analyses in section 2. In section 3, a linear two-element MIMO UWB hexagonal PPMA with 

coplanar waveguide (CPW) was isolated via a T-strip between the elements. In section 4, a novel 

technique was proposed to solve a critical mutual coupling issue of the MIMO reflected waves from the 

FSS array. The uniplanar compact UWB-FSS unit cell in [7] was formed by the FSS array of 3×7 

elements and backed by the MIMO antenna to detect the UDRP. The proposed MIMO antenna with FSS 

array (IMAF) and without FSS array (IMA) was simulated, fabricated and measured for validation. In 

section 5, a novel bi-static baggage-scanner case study was developed experimentally using the IMAF. 

The images of the MWI system were evaluated by using MATLAB to detect a small-concealed object. 

Finally, the proposed design was concluded in section 6. 
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2. UWB ANTENNA 

2.1. Antenna design and calculation 

A hexagonal patch with a CPW feed monopole antenna was analysed and simulated via the CST 

Microwave Studio. Figure 1 illustrates the proposed antenna’s geometry. A copper-clad with a thickness 

of 0.0035 mm on FR4 substrate was used to design the antenna with size of 1.6×30×31.9 mm3 and a 

relative permittivity of 4.3 [24]. 

 

 
FIGURE 1. The geometry of the proposed hexagonal antenna 

The width of the CPW’s centre strip conductor was Wf = 2.54 mm, whereas the distance of 

separation between the semi-infinite ground plane the centre strip was Scpw = 0.3 mm to achieve a 50 Ω 

input impedance. The CPW feed parameters and Zfeed were determined via conformal mapping techniques 

[25]. The CPW feed observed a single plane design, cheap, and possessed a small-sized broad bandwidth. 

 

 
(a)                  (b) 

FIGURE 2. The design configuration of the hexagonal patch 

(a) The equivalent cylindrical monopole, (b) The geometry of the proposed patch 

 

The hexagonal patch of the UWB monopole antenna was designed to meet the UWB bandwidth, as 

shown in Figure 2(b). The vertex-fed hexagonal patch had an angle a° ≠ 30° with three pairs of unknown 

sides’ length, which were calculated and optimised to improve the bandwidth at the first resonance 

frequency (f1) in [26]. The f1 (λ/4) of monopole antenna was determined by equating the area of the planar 

hexagon to that of a cylindrical wire, as depicted in Figure 2(a). The planar hexagon has an area of 

3√3𝑆²/4π (where S is the side length), and the cylindrical wire has of 2πrL (height and radius are labelled 
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L and r, respectively). The first resonance frequency (f1) of the proposed asymmetrical side length of the 

hexagonal antenna was derived based on its radius (R) and the angle (a) instead of the unknown sides’ 

length S1 and S2. To the best of the author knowledge, the general Equation (1) is derived only in this 

study to calculate the f1 of any asymmetrical hexagonal patch as: 

 

 

1
3

14.4
.   

2 sin( ) cos ( )
2

2

 (1)
total

eff eff

f
WgR a a

R Lg p k
  


    

       
    

 

 

Where f1 was the first frequency of the antenna in GHz, εeff  was the effective dielectric constant, R was 

the radius of the circle that attached the patch corners in cm (see Figure 2b), a° was the angle between the 

side S1, and the ground plane edge (0° < a° < 45°), p was the prop spacing, and k =1.15 was the constant 

dielectric loss for the FR4 substrate, Lg was the ground plane length in cm, and Wg was the single ground 

plate width in cm (for CPW total area of two plates Wgtotal =2×Wg) [27]. 

 

2.2. Antenna validation 

The proposed antenna was simulated by changing the values of the parameters R and a°, whereas 

Wg = 1.43 cm, Lg = 1.11 cm, p = 0.04 cm, εr = 4.3, and K = 1.15 were fixed during the validation. Table 1 

tabulates an excellent agreement, which was observed between the simulated antenna and the calculated 

results of the proposed equation. The calculated f1 (from (1)) observed an excellent agreement with the 

simulated antenna results. The proposed antenna was achieved with a broad bandwidth of 3.1-11 GHz by 

setting the parameters from S1 = 8.5, S2 = 11, t = 0.035, Wf = 2.5, Lf = 11.4, p = 0.4, Scpw = 0.27, Wg = 

14.3, Lg = 11.1, Wa = 31.9, La = 30, H = 1.6, R = 10.45 to (mm), and a° = 24°. The proposed antenna 

was simulated, and then it was fabricated for further validation. More details of the single antenna design 

and simulation MWI were demonstrated in [7]. However, the UWB antenna is developed in this study to 

improve the imaging resolution by using an experimental bi-static MIMO MWI. The proposed design is 

enchased by loading T-strip for MIMO isolation. Mathematical calculation and equivalent circuit model 

are analysed for the proposed MIMO antenna. Further analyses and the best solution are proposed of 

increasing the mutual coupling due to the reflected wave from the FSS array. More details are presented 

in the following sections. 
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TABLE 1. The validation of calculated and simulated frequencies 

 Parameters Resonance frequency (GHz) 

 R (mm) a° Calculated Eq. (1) Simulated 

 7 24° 3.94 3.96 

 8 24° 3.69 3.64 

 9 24° 3.47 3.37 

 10 24° 3.28 3.21 

 10 20° 3.29 3.28 

 10 30° 3.27 3.28 

 10 35° 3.28 3.21 

 10 40° 3.28 3.19 

 

3. UWB-MIMO ANTENNA DESIGN AND ISOLATION  

In this section, two UWB monopole antennas were configured linearly (MIMO) to increase 

detection accuracy. The presented MIMO antenna in Figure 3 was simulated by setting the distance Da = 

42 mm (Da = 0.43λfL). However, the simulated S-parameters magnitude of the proposed MIMO observed 

a high mutual coupling between the MIMO elements. In fact, the MIMO design had a small size of (30 × 

73.8 mm2), and the high mutual coupling affected the accuracy of the detection process. Therefore, it was 

necessary for the mutual coupling to go through further reduction. 

 

 

FIGURE 3. The geometry of isolated MIMO antenna 

 

A T-shaped strip was loaded between the two antennas to demonstrate compact UWB-MIMO 

antennas with low mutual coupling. Figure 3 presents the proposed MIMO structure. The T-strip was 

placed between the two antennas to reduce the mutual coupling by separating the radiation patterns of the 

two antennas. The strip area gave an approximate frequency. The total length of the isolation strip (lT-strip) 

was derived in this work as in equation (2): 

1 2 1 2  .                 (2)
2

T strip p p p p

S reff

c
l T T W W

f 
     

 
 

The T-strip geometry had a series of parameters, for example, Tp1 = 29 mm, Tp2 = 3 mm, Wp1 = 2 

mm, Wp2 = 1 mm, and gsp = 13.1 mm. The equivalent circuit parallel RLC of the T-strip isolator was 

represented by inductance (LS) and the capacitance (CS). Both LS and CS modelled the effect of the T-strip 

based on the length (Tp1 + Tp2) and the width (Wp1 and Wp2) of the strip. However, both the ohmic and 

dielectric loss associated with the T-strip isolator was represented by resistance (RS). The resonance 
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frequency (fS = 1∕ 2π√𝐿𝑠 𝐶𝑠) of the T-shaped was obtained from the magnitude of the high equivalent 

inductance LS = 0.794 nH, and poor capacitance CS = 0.0035 nF. However, the UWB antenna impedance 

(Za) was modelled by connecting several parallel RLCk resonant circuits in-series to the inductance Lk, 

capacitance Ck, and resistance Rk. For the proposed UWB antenna, six RLCs were modelled (m = 6) to 

cover the UWB bandwidth, as shown in Figure 4. 

The number of equivalent RLC branches were obtained by estimating the peaks of the antenna’s 

impedance Za. The impedance peaks resonated at 5 GHz, 7.2 GHz, 9 GHz, 10.6 GHz, 12.8 GHz, 13.9 

GHz, respectively. The parameters of the Za were derived in this work in equation (3) based on the 

calculated and optimised by equalising the antenna’s impedance from CST. The input port resistance (Ro 

= 50 Ω) was connected to the first cell L0-C0, which represented the impedance transformation circuit as a 

result of the self-probe (L0), and the static antenna capacitance (C0), that were serially placed with the 

parallel RLC resonant circuits. The two elements from the MIMO antenna were modelled by setting two 

Za ports in parallel. Observations revealed that the coupling between the antennas and the T-strip isolator 

was a combination of the inductive (LC) and capacitive (CC) coupling according to the gap (gsp) between 

the T-strip and the antennas, as shown in the coupling area of Figure 4. The antenna impedance is 

affected by loading the T-strip next to the antenna. Therefore, the impedance of the isolation T-strip 

(Zstrip) parallel RLC is connected in series with the antenna impedance (Za). So that, equation (4) was 

derived in this work to calculate the total impedance on the proposed MIMO antenna (ZMIMO). 

2

0 0

2

0

1
.   (3)

(1 ) ( )1

k k

k k k k

k mL C w jR L w
Za j

C w R L C w jL wk

   
      

    
 

 

When w is the angular resonant frequency, m = 6, k is the number of RLC branches and
1

.k

k k

w
L C

  

 

 strip                                         (4) .        MIMO Antenna aZ Z Z   

 

 
FIGURE 4. The equivalent circuit of the MIMO antenna 

 

The overall parameters of the MIMO antenna equivalent circuit were optimised according to the 

numerical computation. The data solver was employed to find the optimum values of the suggested 

equivalent circuit. The ZMIMO equation was set as an objective function of the data solver. The ZMIMO CST 
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data were considered as a target for the solver optimisation. The optimum values of the circuit 

components were obtained as Ro = 50 Ω, Lo = 0.5 nH, Co = 0.0025 nF, RS = 100 Ω, LS = 0.794 nH, CS = 

0.0035 nF, R1 = 80 Ω, L1 = 0.74 nH, C1 = 0.0013 nF, R2 = 51 Ω, L2 = 0.205 nH, C2 = 0.00235 nF, R3 = 39 

Ω, L3 = 0.11 nH, C3 = 0.0028 nF, R4 = 35 Ω, L4 = 0.074 nH, C4 = 0.003 nF, R5 = 36 Ω, L5 = 0.057 nH, C5 

= 0.0027 nF, R6 = 86 Ω, L6 = 0.082 nH, C6 = 0.0016 nF, LC = 12.9 nH, CC = 0. 0071 nF, Rp = 88 Ω, Lp = 

0.1 nH, and Cp = 0.0.08 pF. After next, the proposed circuit with its parameters was computed and 

modelled using the schematic CST software for further evaluation. The validated results of the Real and 

Imaginary parts are shown in Figures 5(a) and 5(b), respectively. The results proved that the T-strip had 

demonstrated a high impedance (Real = 95 Ω and Imaginary = +67 Ω) at the lower band (3.1 GHz). The 

high impedance was generated as a result of the proposed T-strip, which was demonstrated as inductive 

performance. Therefore, a high isolation magnitude was realised at the lower frequency of UWB. The 

results displayed an excitant agreement among the antenna impedance, calculated impedance, and the 

simulated equivalent circuit impedance using the CST schematic. 

 

 
(a)         (b) 

FIGURE 5. MIMO antenna impedance validation (a) Real part and (b) Imaginary part 

 
 

Then, the isolated MIMO antenna prototype with its parameters was fabricated and validated with 

the simulated design outcomes. Figure 6 illustrates the comparison between the single antenna and 

MIMO antenna S-parameters for the simulation and the measurement. On the one hand, the single 

antenna results show agreement between the simulation and measured S-parameters with measured 

bandwidth of 3.4-11.1 GHz. On the other hand, the IMA observed bandwidth of 2.9-11.4 GHz. The 

impedance matching of IMA bandwidth was improved at lower frequencies by loading the isolation T-

strip. However, the MIMO antenna without T-strip displayed a mutual coupling magnitude of higher than 

-20 dB over the bandwidth of 3-6.7 GHz and less than -20 dB at higher frequencies. However, the IMA 

with T-strip observed a mutual coupling magnitude of lower than -20 dB over a broad bandwidth of 3.0-

11.7 GHz. It is noted that the MIMO antenna without T-strip demonstrated a high mutual coupling 

magnitude due to the small distance (Da<0.5 λfL). Therefore, the performance of IMA was noted at lower 

frequencies by loading T-strip. The IMA antenna was achieved a 6 dB S21 magnitude lower than the 
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MIMO antenna without the T-strip by loading the T-strip over the bandwidth of 3-6.7 GHz. Generally, a 

good agreement was noted between the simulation and the measured outcomes. 

  
FIGURE 6. The validation of S-parameters for single antenna and MIMO antennas 

4. UWB-MIMO ANTENNA WITH FSS ARRAY 

4.1. Development and analysis 

The uniplanar compact UWB FSS unit cell introduced in [7] is developed in this work based on 

MIMO characteristics. The FSS unit cell was analysed by using CST that observed broad band-stop 

characteristics of 2.6-11.1 GHz with linear reflection phase, as displayed in Figure 7(a). The copper metal 

(thinness of 0.035 mm) of unit cell printed on FR4 substrate size of 0.095λ×0.095λ (λ is the wavelength 

of lower frequency) with a dielectric constant of 4.3. The copper layer is printed by combining a square-

loop and a cross-dipole on the top layer of the FR4 substrate. The reflection coefficient is the most useful 

parameter for the FSS reflector. The S11 magnitude needs to be close to 0 dB to achieve the UWB 

reflection performance. However, linearly decreasing of the reflection phase is strongly recommended to 

realise in-phase reflection with the front signals.  

 

 
(a)       (b) 

FIGURE 7. The results of FSS unit cell (a) S-parameters and geometry, (b) Phase parametric study 
 

The parametric study of the S11 phase is displayed in Figure 7(b) to investigate the best reflection 

phase. The inductance of the square ring is increased by decreasing the parameter (g). As a result, the 

reflection phase response of the cell is increased. Moreover, the coupling capacitance between the 

adjacent cells is increased by reducing the spacing (s). The coupling capacitance reduces the reflection 
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phase and improves the transmission coefficient magnitude at the lower frequency. Figure 7(a) illustrates 

the geometry of the UWB FSS, which has parameters as follows: Dx = Dy = 11 mm, Lfs = 10.8 mm, g = 

1.6 mm, s = 0.1 mm, Lfc = 10.6 mm, Wfc = 0.3 mm. The single-layer FSS rectangular array is formed by 

configuring multiple periodic of 3×7 cells. The FSS array has a size of 33×77×1.6 mm3. This FSS array is 

utilised to realise a UDRP of the isolated MIMO antenna. 

The isolated UWB MIMO monopole antenna with CPW feed together, and the single-layer UWB 

FSS array is developed in order to improve the gain and directional pattern. The final developed structure 

is illustrated in Figure 8, which is used for the MWI application. The substrate of both the FSS array and 

the MIMO antenna is increased 10 mm from the left and right sides to simplify the measurement process. 

The distance (Dz) between the FSS array and the MIMO antenna is calculated carefully to enhance the 

antenna gain by reflecting the back radiation. The antenna gain can be improved when the reflected 

signals have a phase delay of (n × 2π) to the front signals at each particular frequency. The total phase 

shift of the reflected signal is calculated by summing the path delay phase (ØPD) and the FSS phase (ØFSS), 

as in Equation (5). The ØPD mainly relies on the distance, Dz, and the particular frequency. The ØPD is 

calculated with Equation (6). 

 

2 ,     1,  2,  3,               (5)( ) (  ) FSS PD n nf f     
 

2( ) 2 sin ( )  .                           (6)PD rf Dz       

 

Where β = 2π/λ stands for the propagation constant of free space, θ = 0o is the incident angle of the 

perpendicular wave to the FSS layer, and εr = 1 of the air gap. The numerical calculation of Dz = 21.6 mm 

led to ØPD =2π at 6 GHz. Therefore, a parametric study of the spacing Dz has illustrated the performance 

enhancement. 

 

 

FIGURE 8. 3D schematic view of the developed design 

 

It is discussed that loading the proposed isolation T-strip between the two MIMO elements 

reduced the mutual coupling strongly. However, a new issue is observed with the proposed design. The 

mutual coupling is increased by forming the FSS array with the MIMO antenna. Figure 9 illustrates the 

simulated parametric study of S21 magnitude at different distances, Dz, between the isolated MIMO and 

the FSS array. Both the T-strip and FSS array are blocked the propagated signals from Port-1 to deliver 

Port-2. Therefore, the result shows a low S21 magnitude of –35 dB at 5.0 GHz. Moreover, the results 
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show a significantly low │S21│ of –40 dB is observed at 12 GHz due to the spacing (Da = 1.8λ) between 

the antennas. However, the attached FSS array behind the proposed MIMO antenna reflects the 

propagated signal from Port-1 to Port-2 at the frequency of 6.5 GHz. For that reason, the simulation result 

at 6.5 GHz is displayed an S21 magnitude higher than -20 dB by setting Dz > 21.6 mm. Whereas 

increasing the spacing (Dz) can solve this issue. However, the antenna gain is reduced due to the out of 

phase reflection signals.  

 

 
FIGURE 9 Simulated S21 magnitude at different distances Dz 

 

The non-direct back signal from the first element was reflected with an angle of θ° < 90° to the 

second antenna by setting the FSS at Dz of 21.6 mm. At this angle, the path delay, PD, is longer than 

2×Dz. The long PD can be calculated based on Trigonometric laws. Figure 8 illustrates the top view of 

the proposed IMAF. The figure shows the path of the reflected signals by the FSS array from Port-1 to 

Port-2 of the MIMO elements. The incident angle A°= 90-θ° = 31.2° was found from the design 

parameters that are Dz = 21.6 mm and gsp = 13.1 mm. However, the effective angle (Aeff) is calculated by 

adding the FSS phase slope (ØS = ∆Ø/∆F) of -27 Degree/GHz. Where Aeff (17.7°) is calculated by 𝐴𝑒𝑓𝑓 =

𝐴 + 0.5Ø𝑆 . Therefore, the effective path length (PDeff = 45.3 mm) is determined by  𝑃𝐷𝑒𝑓𝑓 =

2 × 𝐷𝑧 cos(𝐴𝑒𝑓𝑓)⁄ . As a result, the PDeff has the same wavelength as the 6.6 GHz frequency. Therefore, 

the reflected signals observed the high S21 magnitude at 6.6-7 GHz due to its propagated path. The FSS 

layer is attached behind the two elements with a distance Dz of 21.6 mm. 

The parameter used to evaluate the correlation between radiation patterns is the envelope 

correlation coefficient (ECC) (ρe). Vaughan proposed an approach to compute the ECC based on the far-

field radiation pattern for the two antennas of a MIMO system. However, this approach is complicated in 

measuring the ECC process [28]. The ECC parameter should preferably be computed using the 3D far-

field radiation pattern measurements, but it becomes complicated. Blanch derived Equation (7) to 

compute ECC using scattering S-parameters methodology [29]. Consequently, S-parameter based ECC 

computations are preferred. Under normal operating conditions, the accepted level of signal distortion of 

ECC is less than 0.5. 
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 In addition, the diversity gain (DG) is another significant parameter to evaluate the diversity 

performance of the proposed antenna. Its value should be closer to 10. The DG has been used to evaluate 

the performance level of various quantitative diversity techniques. Equation (8) has been used to calculate 

the diversity gain of the antenna [30], which is implied that the diversity gain is related to the ECC. The 

ECC (ρe) is calculated in Equation (8). 

2
DG 10 1 (8)e   

 

Figure 10 The simulated the envelope correlation coefficient and diversity gain. 

Figure 10 shows the simulated correlation between the MIMO elements. It can be seen that the 

isolation of the proposed IMAF is enhanced. The figure illustrates that the ECC has values less than 0.01 

(around zero) at entire the UWB bandwidth. However, the simulated ECC of MIMO without the parasitic 

strip realized the maximum value of 0.06 (less than 0.5) at 2.7 GHz. Moreover, the diversity gain of the 

proposed MIMO is presented in Figure 10. Moreover, the simulated results show a high diversity gain for 

the two cases. It can be noted that the diversity gain of the proposed design is around 10 at all UWB 

spectrum. 

 

 
(a)          (b) 

FIGURE 11. (a) Maximum current distribution, and (b) Electric field of IMAF antenna at 3 GHz Port-1 

Figure 11(a) illustrates the simulated current distribution of Port-1 on the proposed MIMO 

antenna using CST software. A high current density of 107.4 A/m is distributed around the isolated T-
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strip at 3 GHz , while  a low current density is observed on the second element. The result is proved the 

function of the T-strip. The strip is successfully blocked the propagated field between the MIMO 

antennas. In addition, the electric field of IMAF is shown in Figure 11(b) by simulating Port-1 at 3 GHz. 

Figure 11(b) shows a high electric field along the T-strip at 3 GHz. As observed, the strip blocked the 

propagated field to be delivered to port-2 from port-1. A notable electric field of the first element is 

reflected by the FSS array. The same scenario was observed by simulating port-2 of IMAF. In short, the 

length of the T-strip isolated IMAF at the lower frequency. The FSS array is operated at both low and 

high frequencies. The size of the FSS unit cell influences the reflection bandwidth of the whole array. 

Moreover, the 3D simulated radiation pattern of the proposed IMAF is displayed in Figure 12. The 

figure shows the 3D view of the design radiation patterns at three tested frequencies for the two MIMO 

antenna ports. It is noted that the main lobe of the design pattern of each element is affected by the 

isolated T-strip.   

 

(a) 

 

(b) 

 

(c) 

FIGURE 12. Simulated 3D radiation pattern at 4 GHz in (a), 5 GHz in (b), and 6 GHz in (c) of 

IMAF 
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4.2. Fabrication and measurement validation 

The characteristics of the fabricated IMAF are measured and validated with the simulated results. 

Figure 13 shows the photograph of the IMAF prototype with a 3×7 FSS array and measurements. In order 

to simplify the fabrication and measurement, the FR4 substrates of the antenna and the FSS array are 

increased by 10 mm from both the left and right sides. This aids in combining the antenna with FSS via 

spacers. The air spacing distance, Dz, was maintained by using Teflon spacers between the MIMO 

antenna and the FSS array. The size of the proposed design (MIMO antenna with FSS array) was only 

30×73.8×21.6 mm3. 

 

 

FIGURE 13. Prototype of IMAF prototype antenna 

 

The S-parameters magnitude of the developed antenna was measured using B&S ZVB 14 Vector 

Network Analyzer. The two ports of the VNA were calibrated by using the standard 50 Ω calibration kit. 

The measured magnitude S-parameters of the two ports MIMO antenna with FSS layer is shown in Figure 

14. The reflection coefficients of the two elements (S11 and S22) observe a broad operation bandwidth. 

The antenna observed the operation bandwidth ranging from 3.0 GHz until 11.7 GHz. The antenna with 

the FSS array bandwidth decreased at the lower and higher edges of the bandwidth due to the reflection 

coefficient phase of the FSS array. The reflected waves (from FSS) were in-phase with the direct 

propagated waves (from the antenna). Therefore, the return loss is enhanced in the middle of the UWB 

spectrum. In addition, the proposed antenna was achieved a low return loss of -22.6 dB at the first 

operation frequency (3.2-3.9 GHz). This enhancement was obtained due to the electrical length, geometry, 

and the T-strip of the proposed antenna. The operation bandwidth was significantly improved at a 

frequency of 3 GHz. 

Moreover, both simulated and measured │S21│ and │S12│ demonstrated good isolation values 

of -27 dB. Except at 6.5-7.5 GHz, the │S21│ was remarkably increased to -17 dB. It is noted that the 

FSS array attachment increases the mutual coupling between the two elements at a frequency of 6.5 GHz. 

That is due to the multi-path reflection signals from the first element to the second element by the FSS 

layer. However, the separation distance (Da) between the MIMO elements equals 1.8λ of the 13 GHz 

frequency. The │S21│ observed a quite low magnitude of -35 dB at the higher frequency of 12.5-13.5 

GHz due to the distance Da and loading the T-strip. Generally, a slight variation between the simulated 
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and measured outcomes had been observed due to fabrication tolerance, Teflon spacers, and SMA 

connector losses. 

 

 

FIGURE 14. Measured and simulated magnitude S-parameters of the MIMO antenna with FSS array 

 

Subsequently, the gain of IMAF is validated to verify the enhancement of the proposed FSS 

reflector. Figure 15 displays the simulation gain of IMAF Port-1. It is seen that the antenna gain is 

slightly increased from 5.8 dBi to 8.5 dBi, with the remaining antenna gain stable around 7.3 dBi at all 

UWB operating frequencies. The gain transfer method is utilised to measure gain for IMAF. Figure 15 

illustrates the measured gain that is fluctuated from 5.1 dBi to 8.4 dBi. Moreover, the gain of IMA is 

simulated and measured, as illustrated in Figure 15. The results observe a good agreement between and 

stable gain of IMA from 3 dBi to 5 dBi along with the UWB bandwidth. It is noted that the peak gain of 

IMAF with FSS is improved by 4.0 dBi higher than that for IMA over the UWB spectrum. The design 

was achieved a maximum gain improvement of 4.5 dBi at 5.1 GHz by loading the 3×7 elements FSS 

array.  

 

  
FIGURE 15. Gain validation of Port-1 MIMO antenna for both with and without FSS array. 

 

On the other hand, the highest radiation efficiency (93%) of the MIMO antenna is noted at a 

frequency of 4 GHz, while the radiation efficiency is gradually decreased by increasing the operating 

frequency. Figure 16 displays the radiation efficiency over the UWB frequency range. In fact, the FR4 

substrate is available and inexpensive, while it is lossy in nature at high frequencies. According to the 
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FR4 datasheet, the loss tangent is significantly increased from 0.014 to 0.026 by increasing the operating 

frequency from 3.0 GHz to 11.0 GHz due to the physical characteristics of the substrate. Moreover, the 

proposed MIMO antenna shows the best impedance matching at low frequency. The first operation 

frequency (λ/4) is obtained according to the antenna geometry, while the antenna began to operate in a 

hybrid mode of standing and travelling waves. Therefore, the radiation efficiency of the MIMO antenna 

dropped to (76%) at 11.0 GHz. In addition, the front to back ratio (FBR) 0f the proposed MIMO antenna 

is illustrated in Figure 16. The proposed IMAF with the FSS array shows FBR values of (5 dB) higher 

than the IMA without the FSS array over the UWB frequencies. In short, the FSS array is significantly 

improved the design gain with a directional radiated power.     

 

FIGURE 16. Radiation efficiency and front to back ratio for both with and without FSS array. 

 

It is noted that the measured and simulated gain are enhanced by using only the 3×7 FSS array at 

21.6 mm spacing. As such, a higher gain can be achieved by increasing the FSS array element such as 

5×9 FSS (increment in design size). Reducing the spacing distance, Dz can also increase antenna gain, but 

the bandwidth may decrease. Thus, incorporating the proposed FSS array behind the monopole antenna 

can substantially enhance the gain at the broad bandwidth. Moreover, the proposed single layer FSS has a 

broad band-stop frequency range.  

As discussed, the main aim of this experiment is to change the ODRP of the UWB MIMO antenna 

to a UDRP. Therefore, the FSS array is proposed in this study. The far-field radiation patterns of Port-1 

are measured while a 50 Ω load terminal is plugged into the SMA connector of the Port-2 MIMO antenna. 

The normalized simulated and measured radiation patterns of Port-1 IMAF are compared, as illustrated in 

Figure 17. The outcomes are presented in both E-plane (yz-plane) and H-plane (xz-plane) of Co and Cross 

polarization at 4 GHz, 5 GHz, and 6 GHz frequencies. It presented that the UDRPs of H- and E-planes are 

attained at the test frequencies of IMAF. Due to the effect of the T-strip, the 3 dB angular beamwidth H-

plane of IMAF is directed to theta angles of 20°, 10°, and 30° at 4 GHz, 5 GHz, and 6 GHz, respectively. 
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The results show Port-1 radiation pattern main lobes of 6.8 dB, 8 dB, and 7.5 dB higher than the back 

lobes, which are recorded in the main lobes at the tested frequencies, respectively. 

The radiation pattern exhibited an acceptable agreement between the simulation and measurement 

results. A further narrow beamwidth is noted by increasing the FSS array elements, with a trade-off 

increasing the design size. To be precise, the proposed low-cost single-layer compact FSS successfully 

reflects the MIMO antenna pattern over the broad bandwidth. From the results, it can be confirmed that 

the proposed IMAF successfully realises the aim of this experiment. 

 

 
(a) 

 
(b) 

 
(c) 

 

FIGURE 17. Simulated and measured (–––) radiation pattern normalized both H-planes and E-planes of 

Co and Cross polarization (-----) at 4 GHz in (a), 5 GHz in (b), and 6 GHz in (c) of Port-1 IMAF 
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5. MICROWAVE IMAGING SYSTEM 

5.1. Experiment setup and image processing 

The experimental setup of the scanned model was explained in this subsection. Firstly, two metal 

objects of different sizes were formed to verify the ability and performance of the developed antenna for 

practical application. The metal sample was stacked inside a textile handbag to measure the S-parameters 

in the UWB frequency range, as shown in Figure 18. The handbag with a textile thickness of 0.3 cm and 

dimensions of 25×30×5 cm3 was used to measure the S-parameters of the bi-static two-port IMAF in the 

frequency domain. Secondly, the developed IMAF was connected to the two-port VNA via the calibrated 

RF cables. The proposed antenna was held using an adjustable stand with a near-field distance Rd of 110 

mm from the tested bag. The stand had an adjustable horizontal and vertical movement in the xy-plane to 

scan the handbag. Thirdly, the VNA with the proposed antenna was utilised to radiate and pick up the 

signals from the tested model. The VNA was first calibrated using the standard coaxial calibration kit 

with a bandwidth of 3.0-11.0 GHz. After calibration, 0 dBm power from the VNA was used to feed the 

Port-1 in IMAF to radiate this power toward the handbag. On the other hand, the reflected signals from 

the tested bag were received using Port-2 in IMAF. 

 

 

FIGURE 18. Experiment scanning (a) MWI setup, (b) Photograph of baggage scanner testing 

 

In precise, two copper-clad samples with sizes of 1×2 cm2 and 0.5×2 cm2, respectively, were 

concealed one after another in the handbag to validate the antenna performance, as illustrated in Figure 18. 

The tested area of 17×13 cm2 of the bag was scanned. The metal object was hidden inside the bag with a 

known location (x, y) in the scanned area to evaluate the accuracy of the images. Moreover, the handbag 

was surrounded by RF absorbers to reduce unwanted reflection. The proposed MIMO antenna was 

connected to the VNA through the calibrated RF cables. The S-parameters of every single point was 

recorded on the scanning plane. 
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(a)                                                                    (b) 

FIGURE 19. Scanning algorithm (a) Scanning scheme configuration, (b) MWI flow chart 

 

The scattered UWB signals were measured based on the bi-static detection scheme. The scanning 

was processed with the help of a manually adjustable horizontal and vertical antenna holder. The two-

dimension (2D) linear scanning scheme in [31] was implemented using the proposed antenna to record 

the accurate data of the measured model, as shown in Figure 19(a). Next, the antenna scanned the sample 

with ∆x and ∆y with a step shift of 1 cm between any two scanned points of the selected area to detect a 

high-resolution image. The S-parameters of IMAF was measured at 221 points toward the handbag. The 

handbag was scanned twice for different object sizes. Additionally, the objects were scanned twice again 

using the IMA to evaluate the results. In this experiment, the VNA with two ports was utilized to measure 

the scattering parameters. The recorded data was exported to the MATLAB workspace for signals’ 

analyses and imaging. 

In the image pre-processing, the main parameter for the evaluation was obtained from the 

transmission response of the tested antenna. The imaging process of the system is summarised into 

several steps, as displayed in Figure 19(b). The recorded data was mapped into the 2D matrix, where 

every single row represented the collected data of a scanned point. Initially, the rows (│S21│) of the 

matrix were compared with the different peaks along with the whole frequency range. Generally, the peak 

variation can be found at a specific frequency in the spectrum. The signals vary based on object 

conductivity, permittivity, size, and distance from the antenna [32]. The peak variation (Pimage) was seen 

to be at the effective frequency of (6.5 GHz) during the analysis of the signals. Therefore, signals’ values 

that had the highest peak variation were selected and analysed [31, 33] as follows: 

i. The handbag without object was placed in front of the MIMO antenna. Then, the transmission S-

parameter between the two ports of the MIMO antenna at each position (x,y) was recorded as 

S21back. 

ii. The same handbag with the metallic object was placed in front of the MIMO antenna to get the 

transmission S-parameter S21meas. 
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iii. Most energy is contained around the peak at a frequency of 6.5 GHz. The higher value of P(x,y) 

demonstrated a lower loss of the link. The peak value of the antenna scattering response, P(x,y), 

was expressed in (9) [34]: 

( , ) 21 ( , )
Maxx y x y

P S                             (9) 

These peaks P(x,y) back and P(x,y) meas  were calculated by using (9) from both S21 back and S21 meas. 

iv. The image was acquired by subtracting the S-parameter peak transmission of the handbag with no 

objection from the S-parameter peak transmission of the handbag with the object at each position, 

and then taking the absolute value from (10):  

( , ) Max ( , ) ( , )image meas backP x y P x y P x y      (10) 

For the real calibration, the reflected signal of a particular scanned point can be compared with the 

minimum and maximum. The minimum peaks were recorded at the corners of the scanned area for the 

handbag (without concealed object). 

After that, the peaks were mapped into a 2D image matrix. Every single cell in this matrix 

represented a pixel of the image. The 2D image of the test media was generated by plotting the scattered 

values of each measured location at the maximum variation. The obtained image of the test media 

ultimately showed the concealed objects by distinguishing them from the background medium. Here, the 

image matrix presented a small-sized output image. Thus, the size of the image matrix was scaled ten 

times using cubic interpolation to refine the image and differentiate the magnitude of the adjacent cells. 

At this point, the 2D image was displayed by using MATLAB. The variation in the resolution of the 

reflected signals was reflected in the colour scale bar. For an accurate evaluation, the matrix images of 

both the IMAF and IMA were normalised and plotted together using the same scale bar. The images were 

displayed based on Pimage from (10). Basically, the peak-to-peak power ratio (PPR) was founded by 

dividing the tested powers (Pn∕Po) equally to the signal-to-noise ratio (SNR) [35]. Therefore, Pn and Po 

stand at the new antenna and original antenna’s peaks of received power, respectively [36]. In addition, 

the peak-to-peak enhancement ratio (PPER) demonstrated the peak improvement between the new and 

original signal, as in (11) below: 

( ) 100%n o

o

p p
PPER

p


                                       (11) 

Based on (11), the PPER between the Pimage of the antenna with FSS (Pn) and the Pimage of the antenna 

without FSS (Po) at locations (8, 7) was computed. The outcomes of the developed MWI were discussed 

in the next subsection. 
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5.2. Results evaluation and discussion  of MWI 

In this subsection, the images of the proposed microwave baggage-scanner application validated the 

measurement results. The second stage evaluated the developed imaging system based on the proposed 

IMAF and IMA to confirm the imaging resolution enhancement. In this stage, the 1×2 cm2 copper object 

was placed in the bag at xy-location (8, 7). The object location was identified based on the maximum 

different packs recorded in the image matrix of the 221 scans. The image matrix was plotted in a 2D (x, y) 

plane. Figure 20(a) illustrates the experimental scanned image based on the reflection scattering of the 

handbag using the proposed IMAF. The 2D image clearly displayed a high normalized reflection at the 

location of the metal object (dark red colour = 1 of the normalized reflection). The 2D image illustrates a 

low normalized reflection at the textile of the handbag (blue colour = 0 to 0.4 of the normalized 

reflection), as displayed in the colour bar of the figure. The result of the IMAF demonstrates a clear 

image of the scanned handbag. Moreover, the concealed object can be recognized clearly from its 

background. 

 
(a)                                                                                     (b) 

FIGURE 20. 2D images of the handbag with 1×2 cm2 object (a) using IMAF, and (b) using IMA 

 

The IMA was examined to highlight the imaging enhancements with the same metal object (size 

1×2 cm2) and the imaging setup for further evaluation. The IMA also scanned the model at 221 points in 

the scanning plane. As a result, Figure 20(b) illustrates the tested image of the IMA. The image showed 

that the tested IMA detected the metal object with the xy-location at (7, 7). Whereas the scattering value 

of the detected object (yellow colour = 0.6 of the normalized reflection) was lower than that of IMAF in 

Figure 20(a). A low normalized reflection was displayed at the location of the handbag textile (blue 

colour = 0 to 0.4). By evaluating the two antennas, it was proven that the IMAF’s image had a higher 

resolution compared to the IMA’s image. The tested reflection peak estimation of IMAF achieved a 

magnitude of 55% higher than the IMA's peak due to the reflection of the FSS layer. In fact, the object 

had dark red colouring in Figure 20(a) and was yellow in colour in Figure 20(b). In short, the IMA 
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showed the ability to detect a metal object in the testing, while the IMAF produced higher image 

resolution and accurate location of the detected object compared to the IMA. 

Analysis proved that the tested object had the same (8, 7) location in the image. The 1×2 cm2 metal 

object was detected with high resolution at the same location. In addition, the images displayed higher 

scatterings in comparison to the lowest values at different locations (in yellow). These represented some 

fluctuation of the reflection as a result of the inhomogeneous bag model at different locations. Scanning 

the antennas gave various scattering parameters from the textile surface. The tested textile handbag had 

metal on some parts, such as a zipper, button, and belt clip. These could have affected the image 

restitution. In other words, this validation proved that the proposed IMAF was suitable better than IMA 

for near-field MWI application. 

Furthermore, both IMAF and IMA were utilised to scan the handbag again with a 0.5×2 cm2 sized 

copper object to test the detection limitation experimentally. Figure 21 illustrates the 2D images of the 

scanned handbag with the small object. It can be seen that the IMAF detected the small object, as 

displayed in Figure 21(a). The figure shows a clear image and an accurate xy-location of the object at (8, 

7). The image presented the object location with high accuracy of (±5 mm) due to the small antenna size 

and the scanning step shift. A high scattering was recorded at different locations because the reflection of 

the small object had a higher value than the surface reflection of the bag. 

 

 
(a)                                                                          (b)  

FIGURE 21. Experimental 2D imaging with 0.5×2 cm2 object using (a) IMAF (b) IMA 

 

On the other hand, the IMA showed a low-resolution image, as illustrated in Figure 21(b). The 

small object was not detected at all. The image showed only the low scattering parameters from the 

surface of the bag. Besides that, the scattering parameter from the object showed a low value. Therefore, 

the developed scanning system could not differentiate the small objects from the model reflection. To 

sum up, an advanced detection system with high complexity was recommended to analyse the reflection 

of the small objects by using IMA. The proposed IMAF was capable of detecting a small object size of 

0.5 × 2 cm2. 
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TABLE 2. The specifications evaluation between the proposed design with discussed designs 
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Proposed 

Method 
Strengths Weakness 

[14] ODRP Non 
3.1- 

10.6 
58 × 27 Non -20 

FR4 

εr=4.4 

 MIMO, two slots 

on ground plane 
Isolation, size 

Gain, ODRP,  

bandwidth  

[21] UDRP 4-6 7.5-15 32×28×20 
0.22λ 

×0.14λ 
Non εr=2.1 

Cylindrical FSS 

array 
UDRP 

Bandwidth fL, 

size, cost, gain, 

simulation only 

[22] UDRP 5.5-8.5 3-14.6 44×44×20 
0.108λ 

×0.108λ 
Non 

FR4 

εr=4.4 

Two layers 4×4 

FSS array 

UDRP, size, 

bandwidth 

Two layers, 

nonlinear phase,  

[23] UDRP 5-8.7 4.7-14.9 84×84×12 
0.2λ 

×0.2λ 
Non 

FR4 

εr=4.4 

Single layer 6×6 

FSS array 
UDRP 

Size, bandwidth, 

No application 

P
ro

p
o

se
d

 

UDRP 6-8.5 3-11.7 30×73.8 ×21 

0.095λ 

× 

0.095λ 

-27 
FR4 

εr=4.4 

CPW, MIMO, T-

strip, single layer 

3×7 FSS array 

UDRP, stable gain, fL, 

single layer FSS array, 

compact size unit cell, 

MIMO isolation, 

measured application 

Spacing of 21.6 

mm between the 

antenna and 

FSS 

 

 

For specifications evaluation of this study, the punch-mark studies for every issue of monopole 

antennas were compared and tabulated in Table 2. The design in [22] provided gain oscillated from 5.5 

dBi to 8.5 dBi and a UDRP, while the proposed IMAF achieved a stable high gain from 5.8 dBi to 8.5 

dBi with the UDRP too. In addition, the small FSS unit cell size of 0.108λ×0.108λ in two layers with the 

designed size of 44×44×20 mm3 was employed in [22]. However, the proposed FSS single layer unit cell 

was with a size of 0.095λ×0.095λ, and the IMAF was with a size of 30×73.8×21.6 mm3. In addition, the 

uniplanar UWB FSS layer of 6×6 elements (size 0.2λ×0.2λ) with UWB monopole antenna (entire size 

84×84×12 mm3) in [23] had a lower operation band, which started from 4.7 GHz, and UDRP. On the 

other hand, the developed IMAF had a smaller size uniplanar UWB FSS, better operation bandwidth, 

which started from 3.0 GHz until 11.7 GHz, and UDRP. Furthermore, the better-isolated UWB MIMO 

monopole antenna for MWI detected an S21 magnitude of -20 dB and bandwidth of 3.1-10.6 GHz [14]. 

However, the proposed IMAF achieved the lowest mutual coupling (S21 = -27 dB) and better bandwidth 

of 3.0-11.7 GHz. According to this evaluation, the proposed design shows usefulness and better outcomes 

of MIMO isolation, stable high gain, bandwidth at fL, and the smallest physical FSS size with a single 

layer array. Based on observations, the research on both the MIMO isolation and UDRP for MWI was 

addressed only in the present research up until today. Experimentally, a novel baggage scanner MWI 

application is tested that has not been investigated before. The proposed design will be substantially 

useful to detect a small-concealed object for the near-field region, which can lead the community to a new 

path of the UWB baggage scanner system. 
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6. CONCLUSION 

The proposed isolated MIMO-UWB antenna was analysed and integrated with the compact 

uniplanar UWB FSS layer for experimentally scan the MWI application. A T-strip was loaded between 

the MIMO elements, which reduced the mutual coupling to -27 dB. The MIMO antenna was analysed by 

calculating the parameters of the equivalent circuit model for further theoretical understanding. Moreover, 

the isolated MIMO antenna was integrated with a compact single-layer of UWB FSS array (bandwidth 

2.6-11.1 GHz) to attain UDRP and achieve a high gain of 8.5 dBi. The developed design had a size of 

30×73.8×21.6 mm3 and an operation bandwidth ranging from 3.0-11.7 GHz. The design shows the ECC 

value of less than 0.5 with the accepted level of signal distortion. Furthermore, the developed MIMO 

antenna with and without the FSS array was utilised to scan a handbag for the practical MWI evaluation 

based baggage scanner application. The developed IMAF MWI system displayed a higher-resolution 

tested image improvement of 55% and accurate location of the small detected object by backing the FSS 

array with the MIMO antenna. Although this study investigated the directional-isolation issues of the 

UWB-MIMO antenna based UWB-FSS reflector layer, further investigation is wanted to overcome these 

hybrid issues in the future. Based on the conducted experiments and analyses, the present study concluded 

that it is possible to introduce the developed UWB-MIMO antenna with the UWB-FSS layer for near-

field MWI systems. The design can be beneficial and healthy for humanity to develop security 

applications without ionising radiation. 
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