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ABSTRACT  

In this paper, the design, analysis and prototyping of a microstrip-fed, low profile, compact ultra-

wideband (UWB) monopole antenna with two band notches are presented. The antenna is then used in 

two multiple-input multiple-output (MIMO) configurations. The antennas are mounted on a low cost FR-4 

substrate of a dielectric constant of 4.4. The original shape of the single antenna element is circular with 

a radius of 11.5 mm, then a sector is removed from the patch (making it a Pacman-shaped antenna) to 

improve the impedance bandwidth. The proposed antennas provide an impedance bandwidth between 

2.9-15 GHz with better than 10 dB return loss and isolation of more than 16 dB and 19 dB for the first 

and the second MIMO configurations, respectively. Additionally, the antennas can reject the interferences 

from Worldwide Interoperability for Microwave Access (WiMAX) (3.5 GHz center frequency) and 

Wireless Local Area Network (WLAN) (5.5 GHz center frequency). 

KEYWORDS  
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1. INTRODUCTION 

Modern mobile systems require high speed and reliable transmission of data without an 

increment in bandwidth or transmitted power. Multiple-input multiple-output (MIMO) 

communication is the way to achieve the aforementioned goals through using multiple antennas, 

which are suitable for modern standard communications, such as WiFi, WiMAX, 4G, High 

Speed Packet Access (HSPA+) and UWB. MIMO is based on the use of multiple transmitting 

and receiving antennas to achieve spatial diversity or spatial multiplexing. Nowadays, UWB 

MIMO antennas are widely used due to the advantages of providing reliable and high data rate 

transmission.  

Many studies have been conducted on the design and analysis of UWB MIMO antennas. In [1], a 

planar monopole UWB MIMO antenna that consists of two identical monopoles and a Y-shaped 

decoupling network fixed on the ground plane was investigated. The Y-shaped decoupling 

network provides an isolation of more than 20 dB and a correlation of less than 0.01. In [2], a 

compact UWB MIMO antenna with better than 15 dB isolation was proposed. The antenna 

elements were circular disc monopole antennas with a common ground. The isolation was 

improved through using an inverted-Y stub inserted on the ground. MIMO antennas can be 

designed to have two polarizations to achieve diversity. In [3], a single radiator was shared 

between two antenna elements, while diversity was achieved through having two different 
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polarizations. A stub in the ground and a T-shaped slot were etched from the radiator to enhance 

isolation. In [4], a dual polarization MIMO antenna was proposed through using two monopole 

antenna elements perpendicular to each other. Rejection of the WLAN band was achieved 

through etching an H-shaped slot and a resonant L-shaped strip. 

In [5], two identical antenna elements were used to form an UWB MIMO antenna with 17 dB 

isolation. The single element consisted of seven circles surrounding a central circle. In [6], a 

UWB diversity slot antenna was investigated. The structure of the antenna consisted of two 

modified coplanar waveguides (CPWs) feeding staircase-shaped radiating elements for 

orthogonal radiation patterns, where a rectangular stub was placed between the two feeding 

CPWs to ensure high isolations. By etching two split-ring resonator (SRR) slots on the radiators, 

the band-notched property was achieved. In [7], an ultra-wideband MIMO antenna, which 

consisted of two elliptical-shaped monopoles, was proposed. Two stubs and a slot were 

introduced to reduce the mutual coupling between the two elements. Results showed that the 

antenna works in the band 3.1-10.6 GHz and has an isolation of more than 20 dB. In [8], a 

compact MIMO antenna that covers the WLAN (2.4 GHz) and UWB range was presented. The 

proposed antenna consisted of two open L-shaped slot antenna elements and a narrow slot on the 

ground plane. The isolation was larger than 20 dB in the WLAN band and 18 dB in the UWB 

range. Finally, [9] proposed a MIMO antenna in which each element consisted of a planar-

monopole antenna printed on one side of the substrate, where the elements were placed 

perpendicular to each other. To enhance isolation and increase impedance bandwidth, two long 

protruding ground stubs were added to the ground plane. The antenna achieved an isolation 

larger than 15 dB and a correlation of less than 0.2 in the UWB range. 

2. SINGLE UWB ANTENNA  

Figure 1 illustrates the structure of the single UWB antenna. The antenna is mounted on a 

compact size FR-4 substrate of dimensions 25 × 38 mm2, a dielectric constant of 4.4, a loss 

tangent of 0.02 and a thickness of 1.6 mm. The original patch has a circular shape, since it has 

the largest bandwidth among the other regular shapes and has good radiation characteristics 

[10]. The radius was approximated to be λ/4 at the lower frequency edge of the UWB range 

[11]. A partial ground plane is used with a notch cut near the feeding line to improve the 

impedance bandwidth. It has been found that the distance between the feeding point and the 

ground plane (𝑝 =  𝐿𝑓𝑒𝑒𝑑𝑖𝑛𝑔 − 𝑊𝑔𝑛𝑑) has an effect on the antenna performance. Its value was 

chosen to be 0.2 mm. Then, a sector was removed from the circular patch (making it a Pacman-

shaped antenna) to improve the impedance bandwidth. Finally, a U-shaped slot and a straight 

slot were etched in the patch to reject the interference from WiMAX and WLAN [12], 

respectively. The total lengths of the slots were approximated to be λ/2 at the notched 

frequencies [13]-[15]. Several simulations were performed using HFSS version 14 [16] to get 

the optimized parameters listed in Table 1. The simulated and the measured VSWR of the 

proposed UWB antenna are illustrated in Figure 2.  

   

 

 

 

 

 

 
 

Figure 1. The structure of the proposed UWB antenna. 
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              Table 1. The optimized parameters of the proposed UWB antenna. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The simulated and measured VSWR of the proposed UWB antenna. 

It can be observed that measurement agrees well with simulation, except in the range 11-13 

GHz, which could be due to experimental tolerances, fabrication tolerances and the effect of the 

connector. The antenna works in the frequency band 2.9-15 GHz with the VSWR being less 

than 2, except around the notched frequencies. As desired, the antenna has filter characteristics 

around 3.5 GHz (the center frequency of WiMAX) and 5.5 GHz (the center frequency of 

WLAN). A small shift in the measured notched frequencies can be noticed, because the 

simulation environment is different from the real environment, as well as the fact that the 

substrate relative permittivity decreases as the frequency increases [17]. 

3. UWB MIMO ANTENNAS 

In this section, utilizing the designed Pacman-shaped UWB antenna, two MIMO configurations 

are proposed. The first configuration is shown in Figure 3, in which the antenna elements are 

placed side by side a distance D from each other with separate ground planes and mounted on 

the same substrate. The two antenna elements are symmetric and have the same optimized 

parameters obtained for the single Pacman-shaped UWB antenna. The other configuration is 

Value Parameter Value Parameter 

25 mm W 38 mm L 

3 mm W𝑓𝑒𝑒𝑑𝑖𝑛𝑔 12 mm L𝑓𝑒𝑒𝑑𝑖𝑛𝑔 

11.8 mm W𝑔𝑛𝑑 25 mm  L𝑔𝑛𝑑 

0.8 mm W1 11.5 mm R 

0.2 mm W2 5 mm L1 

0.7 mm W3 15.8 mm L2 

0.3 mm W4 6 mm L3 

80𝑜 θ 14 mm L4 

3.1 mm d 3.8 mm S 
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shown in Figure 4, in which the antenna elements are orthogonally placed on the same substrate 

and have separate ground planes. The centers of the circles are placed a vertical distance V and 

a horizontal distance h from each other, while having the same optimized parameters obtained 

for the single Pacman-shaped UWB antenna. After running several simulations and performing 

a parametric study, the optimum distances between the antenna elements are chosen as follows: 

D = 23 mm, h = 24 mm and V = 2 mm downward (i.e., the center of the right antenna is lower 

than the center of the left antenna). 

 

 

 

 

 

 

 

 

 

 

 

   

Figure 3. The structure of the proposed MIMO configuration #1. 

 

 

 

 

 

 

 

 

 

 

     

 

 

Figure 4. The structure of the proposed MIMO configuration #2. 

The optimized distances were used to build the two configurations, then measurements were 

performed in the laboratory using Agilent VNA. Figure 5 shows a picture of the fabricated 

MIMO antennas.  

Figure 6 illustrates the voltage standing wave ratio (VSWR) of the first MIMO configuration. It 

can be noticed that measurements agree well with simulation, except in the band 11-13 GHz, 

which could be due to the connectors and fabrication tolerance. Also, a shift in the notched 

frequencies occurs due to the reasons mentioned before. It is difficult to get a symmetric 

structure (i.e., 𝑆22 = 𝑆11) in practice due to prototyping tolerances and connectors, which is 

clear from Figure 6 (i.e., the measured VSWR values of the two ports are somewhat different 

from each other). Figure 7 illustrates the VSWR of the second MIMO configuration.  
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Figure 5. Pictures of the fabricated MIMO configurations. 

A good agreement exists between simulation and measurement when port 1 is excited, but a 

small difference between measurement and simulation appears in the band 11-15 GHz when 

port 2 is excited, which could be due to prototyping tolerances. Also, a shift in the notched 

frequencies appears as in the first configuration. It is clear that both antenna elements of the two 

configurations work in the UWB range. 

Figure 6. The simulated and measured VSWR of configuration #1. 

One of the most important parameters while studying MIMO antennas is the isolation between 

the input ports. Figure 8 illustrates the isolation of the first and second MIMO configurations 

(i.e., 𝑆21 or 𝑆12, since the networks are reciprocal ones). A good agreement exists between 

simulation and measurement with the isolation having measured values of more than 16 dB and 

19 dB for the first and the second configuration, respectively. So, the orthogonal placement of 

the antenna elements achieves better isolation with smaller antenna size. 
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Figure 7. The simulated and measured VSWR of configuration #2. 

  

 

(a)                                                                          (b) 

Figure 8.  𝑆12 (in dB) of the proposed MIMO configurations.  

(a) Configuration #1,  (b) Configuration #2. 

The E-plane and the H-plane patterns of the first configuration are illustrated in Figure 9. The 

radiation patterns of the first antenna element in Figure 9 (a) are obtained by exciting port 1 and 

terminating port 2 with a matched load. It is clear that the xz-plane is the H-plane and the yz-

plane is the E-plane. As the frequency increases, the radiation pattern becomes distorted. The 

radiation patterns of the second antenna element in Figure 9 (b) are obtained by exciting the 
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second port and terminating the first port with a matched load. Due to symmetry, both antenna 

elements have the same radiation patterns, except that the H-plane of the second element has a 

180𝑜 shift. This is due to the way that the two antenna elements are placed beside each other. 

So, this configuration provides only spatial diversity. 

The E-plane and the H-plane patterns of the second proposed UWB MIMO antenna are 

illustrated in Figure 10. The radiation patterns of the first antenna element in Figure 10 (a) are 

obtained by exciting port 1 and terminating port 2 with a matched load. It is difficult to obtain a 

pure omni-directional pattern, due to coupling between the antenna elements. It can be noticed 

that the xz-plane is the H-plane and the yz-plane is the E-plane. The radiation patterns of the 

second antenna element in Figure 10 (b) are obtained by exciting the second port and 

terminating the first port with a matched load.  Here, the xz-plane is the E-plane and the yz-

plane is the H-plane, which is the opposite of the first element, and this is due to the orthogonal 

placement of the antennas in the second configuration. Since the two elements have different 

patterns and opposite E-plane and H-plane, this configuration provides pattern and polarization 

diversity in addition to spatial diversity. 

Now, the realized peak gain for each antenna element of both configurations is considered. In 

Figure 11 (a), the realized peak gain of the first element of configuration #1 is computed by 

exciting port 1 and terminating the other port with a matched load. The peak gain of the second 

element is almost the same due to symmetry. So, the result for port 1 is only shown. It can be 

noticed that the gain increases up to nearly 7 dBi in the whole band, but drops to nearly -8 dBi 

at the center frequency of WiMAX and to -3 dBi at the center frequency of the WLAN. In 

Figure 11 (b), the realized peak gain of both antennas in configuration #2 is computed by the 

same way. The gains of the two elements are slightly different due to asymmetry and they 

increase up to 7 dBi in the whole band, but drop to -5.5 dBi at the center frequency of WiMAX 

and to -3.8 dBi at the center frequency of the WLAN. 

The current distribution is used to further study the operation of the UWB MIMO antennas. In 

Figure 12, the current distribution of the first configuration is obtained by exciting port 2 and 

terminating port 1 with a matched load. In Figure 13, the current distributions of both elements 

of the second configuration are computed by exciting the desired port and terminating the other 

with a matched load. It is clear from Figures 12 and 13, that the current is mainly concentrated 

at the edges of the circular patch and the feeding line of the excited element, except at 5.5 GHz, 

where the current is mainly concentrated at the WLAN notch and at 3.5 GHz, where the current 

is mainly concentrated at the U-shaped slot (WiMAX slot), and the current couples from port 1 

to port 2 and vice versa.  

Group delay has an important role in the dispersion characteristics of each antenna element. Due 

to symmetry in the first configuration, the simulated group delay of both elements is almost the 

same. So, only the result using S11 of the first antenna element is shown in Figure 14 (a), while 

in measurement one cannot guarantee symmetry; so, the group delay for both elements is shown 

in the same figure. In Figure 14 (b), the simulated and measured group delays of both elements 

of the second configuration are obtained using 𝑆11 and 𝑆22. Both figures show almost a constant 

group delay, indicating that the dispersion is very small. 
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Figure 9. The simulated E-plane and H-plane radiation patterns (in dB) at 4, 6 and 9 GHz for the 

first MIMO configuration.  

(a) Port 1 excited, (b) Port 2 excited. 
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    Figure 10. The simulated E-plane and H-plane radiation patterns (in dB) at 4, 6 and 9 GHz for 

the second MIMO configuration.  

(a) Port 1 excited, (b) Port 2 excited. 
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(a)                                                                             (b) 

Figure 11. The realized peak gain for both MIMO configurations.  

(a) Configuration #1, (b) Configuration #2. 

  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 12. The current distribution of configuration #1 (port 2 excited) at 3.5, 5.5 and 9 GHz. 
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(a)                                                                          (b)                                                                    

Figure 14. Simulated and measured group delay for both MIMO configurations.  

(a) Configuration #1, (b) Configuration #2. 

Figure 13. The current distribution of configuration #2 at 3.5, 5.5 and 9 GHz.  

(a) Port 1 excited, (b) Port 2 excited. 
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Another important parameter for MIMO antennas is the envelope correlation coefficient (ECC), 

which determines how much the communication channels are isolated. In other words, it 

describes how much the radiation patterns affect each other. For antennas having efficiency 

larger than 50%, the ECC can be computed from the scattering parameters [18]-[20]. The 

efficiency for both configurations is shown in Figure 15. Due to symmetry in the first 

configuration, the efficiency for both antenna elements is almost the same, so the results when 

port 1 is excited are shown in Figure 15 (a). In Figure 15 (b), the results for both antenna 

elements are shown. It is obvious that both configurations have efficiencies larger than 50% in 

the whole UWB range, except at the notched bands.  

A value of 0.5 or less is adequate for low correlation between the antenna elements. The 

envelope correlation coefficients of the first and the second MIMO configurations were 

computed using the scattering parameters and are illustrated in Figure 16. The ECC of the first 

configuration in Figure 16 (a) is less than 0.05 in the whole band, which indicates a low 

correlation between the two elements' radiation patterns. So, the diversity gain will be high. 

 

(a)                                                                         (b)                                                                      

Figure 15. The antenna efficiency for both MIMO configurations.  

(a) Configuration #1, (b) Configuration #2. 

 

                                               

(a)                                                                      (b) 

Figure 16. The ECC for both MIMO configurations.  

(a) Configuration #1, (b) Configuration #2. 
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On the other hand, in Figure 16 (b), the second configuration has an ECC of less than 0.009 in 

the whole band, which indicates an even lower correlation between the two elements' radiation 

patterns. So, the diversity gain will be even higher. The ECC for the second configuration is 

smaller than that for the first one, and this is due to the orthogonal placement of the antennas.  

 

Finally, the total active reflection coefficient (TARC) is considered. TARC is used to describe  

effectively the bandwidth and the efficiency of MIMO antennas. It accounts for coupling and 

random signal combinations between ports, as well as the effect of a feeding phase to the 

antenna port.  For a desired port excitation, TARC is defined as the square root of the available 

power generated by all excitations minus radiated power, divided by the available power [18]-

[21]. For lossless MIMO antenna, TARC can be computed from the scattering parameters of the 

antenna. The amplitude of all ports was kept at unity, while the excitation phases were varied 

with respect to port 1. For various phase differences between the ports' excitations, TARC 

curves were obtained to see the effect of the phase variation of the two ports on the antenna 

performance [22]. The TARC curves of the first and the second MIMO configurations are 

illustrated in Figure 17. It is clear that the bandwidth of the antenna and the notched frequency 

bands are slightly affected by the phase difference between the two input ports. A good property 

can be noticed, which is that the center frequency of the notched band is fixed when the phase 

difference is varied. 

 

(a)                                                                       (b) 

Figure 17. TARC for both MIMO configurations.  

(a) Configuration #1, (b) Configuration #2. 

 

Table 2 lists a comparison between the proposed MIMO antennas and some other designs that 

have appeared in the literature. It is obvious that the proposed MIMO antennas have the largest 

bandwidth among the others with comparable isolation and ECC. In addition, the proposed 

antennas provide band rejection characteristics at the WLAN and WiMAX. 
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Table 2. Comparison between the proposed designs and previous designs. 

 

4. CONCLUSION  

In this paper, the design and analysis of compact UWB MIMO antennas with two rejection bands 

were carried out. Two MIMO configurations were presented. In the first configuration, the two 

elements were placed beside each other, while in the second configuration, the two antenna 

elements were placed orthogonal to each other. Both elements work in the range 2.9-15 GHz 

with better than 10 dB return loss and an isolation of more than 16 dB and 19 for the first and the 

second MIMO configuration, respectively. 
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 ملخص البحث:

فييييييا بييييييمّ ّصميييييييي  حييييييقطب ذيييييييفاط بيييييي ّ ا   يييييي    ّص  يييييي       يييييي   فيييييي    ّص يييييي   

   وذيلاليييييا ونمييييي ل  فييييي  و  وصيييييا صييييياا وّصدييييي ّ ا    ييييي   ّصمييييييي بييييي ّ ا  ييييي     و   ييييي

 ا جييييي  ما  يييييمميْ   يييييق  لفيييييا ب فيييييا     يييييا ّصقييييي    ا ن   يييييم  ح ييييي   ّ يييييقم ّ  ّصدييييي ّ

 ييييي   ّصفييييي ّلم وّصفمييييي روا وحيييييقط ذ لاييييي  ّصد ّ اييييي    لييييي   م ييييي   فيييييا  يييييدلاب  ق ييييي ب   

 ا ّصشييييييدم ّعنييييييلا ص مييييييي  ّصديييييي ّ ا4ا4 مميضيييييي  ّصقديييييي صاز  ّس   نيييييي   يييييي   ح يييييي و  

 ييييييط   ييييييط   احييييييم   يييييي    ييييييب ّصق نييييييال   5ا11ّصفمييييييي    ّ يييييي   نميييييييز   يييييي    يييييي ّر  

ن  لييييي   يييييدم ن لفييييي      يييييب  جيييييم ذي ييييياب  ييييي     ييييي    ّصفؤ قييييي  ي فييييي  ح  ليييييا ب ّ اييييي 

صيييييي  إ 9ا2  يييييي ا وذيييييي ف  ّصد ّ ايييييي س ّصف ق  يييييي   يييييي     يييييي    ف   يييييي  حقيييييي ّو   ييييييب ّصفف 

  ح يييييامم 16 ح يييييامم  و ييييي    ل ييييي   يييييب  10غاغييييي با ذ   ني ييييي  إرجييييي    فضيييييم  يييييب  15

 ق ذا ا ح امم صلشدلاب  ق  ب   ّصف ّلم وّصفم رو ّعو  و ّص   ا   ل  ّص 19و

 جفييييييي   يييييييب إ د  اييييييي  ييييييي ول  لييييييي   صيييييييت  حفديييييييب صلد ّ اييييييي س    ذمميييييييم ّصقييييييي ّل س ّصم 

  ّصقشيييييييغام ّصفقمييييييي    صفمييييييييم ّصفاد ووحيييييييز  لييييييي    يييييييق   ّص ييييييي صط يوّ   ييييييي ل   نقييييييي  

غاغيييييييي با ذ   و ييييييييمد  ّصفم  يييييييي  ّصفيلايييييييي  ّص  ييييييييلدا  نقيييييييي     5ا3  ليييييييي     يييييييي ّر  

 غاغ با ذ ا 5ا5  ل      ّر  
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