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Abstract 

In this article, the design and performance of circular radiating patch element 

with two U-shaped slots and defected ground plane, comprising of a triangular 

notch monopole structure with rhomboid shape resonator, is reported. The 

proposed multiband antenna has a compact structure design for GSM 1800 

MHz, WLAN, WiMAX and UWB communication systems. The antenna is 

designed on FR4 glass epoxy substrate of size 39 mm × 34 mm × 1.59 mm by 

using computer simulation tool CST Microwave Studio 2014. For confirmation 

of simulation results, prototypes are fabricated and their performance is tested 

in free space. Measured results demonstrate that fabricated antenna provides 

triple bands with impedance bandwidth of 157 MHz (1.733 GHz to 1.89 GHz), 

3.2 GHz (2.29 GHz to 5.49 GHz) & 10.45 GHz (6.83 GHz to 17.28 GHz), 

almost flat high gain between 4 to 6 dBi and good radiation patterns in the 

desired frequency range. The maximum measured gain of proposed structure 

is close to 6.59 dBi at 4.40 GHz. The circular polarization is also realized in 

the frequency range 4.12 GHz to 5.20 GHz with axial impedance bandwidth 

1.08 GHz. The specific absorption rate SAR values of proposed design are also 

evaluated at various frequency spots which are well within the SAR values 

specified by the FCC. Proposed design may be proved a useful structure for 

advance radio communications systems as well as for the present requirements 

in defence applications. 

Keywords: Double U-shaped slots, Monopole structure, Multiband patch antenna, 

Rhomboid shape resonator, Specific absorption rate, UWB 

communication system, WLAN. 
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Nomenclatures 
 

fres Resonance frequency, GHz/MHz 

h Height of substrate, mm 

m Radial mode number 

n Angular mode number 

R Physical radius of the proposed design, mm 

Re Effective radius of the proposed design, mm 

S11 Reflection coefficient, dB 

TM Transverse magnetic mode 
 

Greek Symbols 

eff  Effective dielectric constant 

r  Relative permittivity 

0  Speed of light in free space, m/s 

'

mn   nth zero root derivative of Bessel function of order m 

 

Abbreviations 

GSM Global system for mobile 

UWB Ultra wide band 

WiMAX Wireless worldwide interoperability access 

WLAN Wireless local area network 

1.  Introduction 

For enhancing the overall performance of portable communication devices, 

compact size antennas are in great demand because they may be integrated easily 

with other circuit elements and are capable in multiband operation. 

The IEEE proposed various license free spectrum bands under 802.11 WLAN 

and 802.16 WiMAX standards. Under WLAN standards, three bands namely 2.4 

GHz (2.40-2.48 GHz), 5.2 GHz (5.15-5.35 GHz) and 5.8 GHz (5.725-5.825 GHz) 

are allocated while under WiMAX standards, three licensed bands namely 2.3 GHz 

(2.30-2.40 GHz), 2.5 GHz (2.495-2.69 GHz) and 3.5 GHz (3.50-3.60 GHz) are 

allocated. Planar antennas are interesting candidates for these communication 

applications [1, 2]. In antenna designs, wide or multiband operation can be attained 

through alternations in the patch structure as well as in ground plane by creating 

several resonance modes. Introduction of ground slots or monopole structures 

produces some sort of disruption that changes the path of the electrical current, 

which in turn increases the electrical dimensions of the ground plane.  

This solid pairing between radiator and the ground slots provides a multiband 

operation. Extensive efforts have been made by researchers for the design and 

development of multiband antennas for application in mobile and wireless 

communication systems. These include, design of H-shaped slot antenna for 

multiband operation [3], X-shaped slit loaded rectangular patch [4], a simple 

printed monopole slot antenna with two parasitic shorted strips [5], Y-shaped 

monopole slot antenna [6], a square cylindrical monopole antenna with cross-

shaped metal plate [7], dual band antenna with omni directional radiation pattern 

[8], broadband L-shaped microstrip patch antenna [9], compact dual band hook-

shaped antenna [10], symmetrical L-slot antenna for triple frequency bands of 
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2.34–2.82 GHz, 3.16–4.06 GHz, and 4.69–5.37 GHz [11], square spiral patch for 

multiband operation [12], meandered shaped monopole antenna with asymmetrical 

ground plane [13], a tri-band microstrip slot antenna for WLAN/WiMAX 

application [14], ground strip with an L-shaped open slot [15], a circular radiating 

slot antenna for UWB communication [16], a monopole antenna with two split ring 

resonator pairs [17], co-planar wave guide feed patch antenna for multi-band 

communication systems [18], a compact annular ring shaped patch antenna with L-

slot [19]. SAR (Specific absorption rate) value is also very important parameter of 

these multiband antennas. SAR defines the power absorption value by human body 

tissue [20]. The safety limits of the SAR values for portable devices are specified 

by the FCC.  

In this article, the design and execution of a compact triple band circular patch 

antenna having dual U-shaped slots on top and a rhomboid type resonator along 

with a triangular notch on bottom side of antenna is proposed to achieve 

multiband operation and improved gain. The finite integration technique based 

computer simulation tool CST Microwave StudioTM [21] is utilized for the 

simulation analysis of antennas while measurements of fabricated prototypes are 

carried out by using R & S make Vector Network analyser model ZVA 40. The 

main advantage of proposed single element multiband antenna is its ability to 

support four applications at a time i.e. GSM 1800, WLAN, WiMAX, UWB 

applications with distinctly different radiation patterns, low SAR value and high 

gain results. A comparison between the performances of different antenna 

structures developed in recent times with our proposed structure is presented              

in Table 1. It is shown that the proposed structure is the most compact structure 

and provides four desired frequency bands. In the later part of this paper,               

design and execution of intended antenna is presented through simulated and 

measured results. 

Table 1. Comparison of functioning of the  

proposed antenna with other recorded antenna. 

Reference Size 

(mm2) 

Operating 

frequency bands 

(GHz) 

Remarks 

[4] 44×46 2.37-7.89 Overall size is large 

[5] 60×60 1.55-1.57, 

2.395-2.695, 

4.975-5.935 

Overall size is very large 

[6] 36×26 2.33-2.49, 

4.30-10.18 

Dual bands present 

[7] 60×115 0.800-1.300, 

1.710-2.325 

Overall size is very large 

[9] 40×10 2.38-2.52, 

3.40-3.62 

Few useful frequency bands 

[14] 67×38 0.863-1.049, 

1.49-2.81 

Overall large size and lower 

band exist 

Proposed 

Antenna 

39×34 1.733-1.89, 

2.29-5.49, 

6.83-17.28 

Compact and Cover all 

communication bands 
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2. Antenna Design and Analysis   

The geometrical parameters of the circular shape patch antenna are shown in Fig. 

1(a) and model of fabricated antenna is shown in Fig. 1(b). The antenna is 

fabricated on available glass epoxy FR-4 material. The comprehensive size of 

considered design is 39 mm x 34 mm. The structure is placed in the x-y plane and 

perpendicular direction is parallel to z-axis. The radiating element and strip feed 

line are engraved on top side of the dielectric material to obtain 50-ohm 

characteristic impedance. The partial ground plane is fabricated on bottom side of 

antenna. The resonance frequency of conventional circular patch with finite ground 

plane is obtained through the relation [22]: 

r

mn
mnr

R
f





2
)( 0

'

0                   (1) 

where χmn
′  represents the nth zero root derivative of Bessel function of order m; 

(ɛr) is the dielectric constant of the substrate material; υ0 is the speed of light in 

free space and ‘R’ is the physical radius of the proposed antenna. This resonant 

frequency does not consider the fringing effect. The size of the patch is electrically 

large due to this effect and a correction is introduced by considering an effective 

radius ‘Re’ which replace the actual physical radius ‘R’ in above Eq.  (1).  
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The optimized dimensions of the intended antenna through simulation software 

are: L = 39 mm, W = 34 mm, Lg = 7 mm, R = 14 mm, Lf = 8 mm, Wf = 4 mm.  

 

 

(a)  

 

(b) (c) 

Fig. 1(a). Geometrical parameters of circular patch antenna, (b) Prototype of 

fabricated circular patch antenna, (c) Simulated variation of  S11(dB) with frequency. 
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The computed resonance frequencies of circular patch antenna with finite 

ground plane corresponding to its dominant TM11 mode and other excited modes 

TM21, TM01 are 2.89 GHz, 4.79 GHz and 6.02 GHz respectively. This antenna 

matches well with the applied feed line at frequencies 2.93 GHz and 5.80 GHz, as 

shown in Fig. 1(c). A good agreement between simulated and calculated 

frequencies of this conventional circular microstrip patch antenna structure 

(CMPA) is detected. The simulated bandwidth of this finite ground plane structure 

is very narrow and maximum gain of this antenna is close to 1.02 dBi. This antenna 

is further modified in different steps to enhance its overall performance. In the next 

section, the details of applied modifications in the ground geometry and obtained 

results based on these modifications are reported. 

 

2.1. Modification in ground plane  

The ground plane of antenna is modified in steps which are depicted below in Figs. 

2(a) to (c). The surface current distributions in all three considered cases are also 

shown in Figs. 3(a) to (f). The size of ground plane is optimized through CST 

simulation software 2014 and finally considered size of ground is 34.0 mm × 7.0 

mm. This monopole structure can be considered as a patch antenna on a very thick 

substrate. The lower band edge frequency (flb) corresponding to S11= -10 dB or 

VSWR= 2 of this monopole structure may be obtained following Eq. (4) 

grl

c
f lb




72


 (GHz)                (4) 

Here ‘l’ is the height, ‘g’ is the gap between radiating patch and ground plane, 

and ‘r’ is the radius of cylindrical monopole patch. For circular monopole case, the 

values l and r of the equivalent cylindrical monopole antenna are given by: 

l = 2R, r = R/4   and hence flb will be modified to 

g
R

R

c
f lb
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2
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 (GHz)                (5)    

The value of ‘R’ and ‘g’ for the present case are taken as 14 mm and 1 mm 

respectively. The calculated lower edge frequency of this monopole structure, 

which has shown in Fig. 2(a), comes out to be 2.22 GHz.  

   

(a)  (b) (c)  

Fig. 2. Modified ground plane in three considered steps.  
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(a)  (b) (c)  

   

(d) (e) (f) 

Fig. 3. Surface current distributions in various considered cases.  

Wider bandwidth is interpreted in terms of various higher order modes excited 

in circular patch structure. Modes of the circular resonator (characterized by the 

roots of the derivative of the Bessel function) are closely spaced. All higher modes 

have a large bandwidth because the radiating patch is in the air; hence, variation in 

input impedance from one mode to another mode is very small. The resonant 

frequencies of different higher order modes (TM11, TM21, TM02, TM12 and other 

modes) may be obtained through relations given below: 
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where (ɛ𝑒𝑓𝑓 ) is the effective dielectric constant which includes the effect of 

monopole structure (dielectric constant of substrate material (FR-4) and beyond 

this substrate very thick air layer). 

In the next step of modification, a rhomboid shape resonator and a triangular 

notch are introduced in ground plane of structure. The details of geometrical 

parameters of this design are included in Table 2. In each stage of modifications, 

antenna parameters were carefully examined. Comparison of variation of simulated 

S11 parameters with frequency for three considered steps of modification in ground 

plane are shown in Fig. 4. A triangular notch in the ground plane can be considered 

similar to a sleeve in the sleeve monopole antenna [23]. This notch provides a 
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particular resonant mode depending upon the dimension of this corrugation. By 

properly selecting the height of considered notch, an additional resonant mode at 

frequency 11.33 GHz as shown in Fig. 4 is achieved. The presence of dual 

resonance modes provides a broadband performance. With these modifications, 

matching of antenna with feed line at frequency 3.0 GHz is almost unaltered. Nice 

matching between radiating element and feed are also realized at frequencies 4.42 

GHz, 9.25 GHz, 11.33 GHz, and 16.09 GHz. The simulated impedance bandwidth 

of antenna with defected ground structure, as shown in Fig. 2(c), is close to 12.98 

GHz which is dispersed in three frequency bands 2.48-4.95 GHz, 7.14-13.03 GHz, 

and 13.43-18.05 GHz. Figure 10 depicts the variation of realized simulated gain 

with frequency. The maximum realized simulated gain of this antenna in present 

structure is close to 4.34 dBi, which is better than that of a monopole patch antenna 

structure (3.39 dBi), shown in Fig. 2(a). A rhomboid shaped resonator provides 

ground shielding and increases the gain of this antenna structure. 

Table 2. Optimized dimensions of defected ground plane. 

Geometrical Parameter Value(mm) 

Modified ground plane (Lg×W) 34.0 mm×7.0 mm 

Length/width of the rhomboid shape resonator(a) 10.0 mm 

Base length of the triangular notch (b) 5.0 mm 

Height of the triangular notch (c) 6.0 mm 

 

Fig. 4. Simulated variation of S11 (dB) with frequency in different cases.  

2.2. Modification in patch geometry 

For achieving the improved performance from this antenna geometry, the patch 

geometry shown in Fig. 2(c); is further modified in steps. The geometrical and 

fabricated front and back views of modified patch antenna are shown in Fig. 5. The 

geometrical parameters of modified patch are included in Table 3. Figure 6 

illustrates the simulated surface current distributions of the proposed structure 

under different cases i.e. (i) when U-slot (a) is present; (ii) when U-slot (b) is 

present; (iii) when both U-slots are present. 

Table 3. Optimized dimensions of defected patch structure. 

Geometrical Parameter Value(mm) 

U slot(a) in patch (La×Wa)     9.5 mm×20.0 mm 

U slot(b) in patch(Lb×Wb) 8.0 mm×5.2 mm 

U slot width (Sw) 1.0 mm 
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Fig. 5. Front & back views of proposed patch  

antenna (geometrical as well as fabricated model). 

    

 

(i) 1.76 GHz 

 

(ii) 5.57 GHz 

 

(iii)  1.76 GHz & 5.30 GHz 

Fig. 6. Surface current distributions in three considered cases (i) U slot  

(a) is present (ii) U slot (b) is present (iii) Both U slots are present. 

 

Fig. 7. Comparison between simulated reflection coefficients  

with frequency in different cases of inserted slots.  
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3. Results and Discussion 

After extensive optimizations, the prototype of antenna showing triple band 

performance is developed and the design parameters of this prototype are listed in 

Tables 2 and 3. The measured and simulation results of reflection coefficient S11 

are shown in Fig. 8. The measured results are obtained through R & S make Vector 

network analyser (ZVA 40). The measured results shown in Fig. 8 provide a wide 

impedance bandwidth extended between frequency range 2.29 GHz to 17.28 GHz 

for S11 < -10 dB, with rejection band lying in frequency range 5.49 GHz - 6.83 GHz 

for S11> -10 dB. The presence of higher order modes due to monopole structure and 

triangular notch in ground plane significantly contributes in the enhancement of 

impedance bandwidth. An additional frequency band spread in between 1.733 GHz 

to 1.89 GHz frequency range is also realized. Measured results also demonstrate a 

nice matching between radiating element and feed at frequencies 1.81 GHz, 3.00 

GHz, 4.22 GHz, 7.33 GHz, 9.34 GHz and 14.24 GHz. A reasonable agreement 

between experimental and simulated results is realized. The minor deviation 

between simulated and experimental results is perhaps due to fabrication error and 

associated measurement limitations. 

Figures 9(a) and (d) illustrate the simulated surface current distribution of the 

proposed structure at 1.76 GHz and 5.30 GHz. The maximum current density 

appears mainly along the U-shaped slots at the patch, which are responsible for first 

(1.76 GHz), and third (5.30 GHz) resonance frequencies. Inserted U-shaped slots 

on patch corresponding to these frequencies are working as individual leaky 

resonators and maximum currents on the patch are flowing along the outer and 

inner edges of the slots [24]. The surface currents are more centralized around the 

slots in the structure and hence for each introduced slot; a resonant frequency band 

is generated. These frequency bands are useful for GSM 1800 MHz and 

WLAN/WiMAX communication systems. Figures 9(b) and (e) indicate that the 

maximum surface currents mostly centralize near the feed line and radiation patch. 

The triangular notch in ground plane is responsible for resonance frequencies 3.18 

GHz & 9.15 GHz, which are depicted in Figs. 9(c) and (f). A comparison of gain 

performance of antenna in different situation is shown in Fig. 10. On introducing a 

rhomboid shape resonator in bottom side of antenna, an increase in gain of antenna 

in lower frequency band may be obtained. The maximum measured gain of antenna 

is approximate 6.59 dBi at 4.40 GHz which is shown in Fig. 11. 

 

Fig. 8. Measured and Simulated variation of S11 (dB) with frequency.  
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(a) 1.76 GHz 

 

(b) 3.18 GHz 

 

(c) 3.18 GHz 

 

(d) 5.30 GHz 

 

(e) 9.15 GHz 

 

(f) 9.15 GHz 

Fig. 9. Simulated surface current distributions  

of the modified structure at various frequencies. 

 

Fig. 10. Simulated variation of gain with frequency in three different cases.  

 

Fig. 11. Variation of measured gain with frequency of proposed structure.  
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The measured two dimensional co-polar and cross-polar radiation patterns in 

elevation and azimuth planes at three frequencies namely 1.76 GHz, 3.18 GHz and 

9.15 GHz are shown in Figs. 12(a) to (f). It is realized that these two dimensional 

radiation patterns are nearly omni-directional in nature and significantly resembles 

with those of a monopole antenna operating under similar conditions. In elevation 

plane; the co-polar patterns at all frequencies are nearly 10 dB higher than cross-

polar patterns while in azimuth plane, at all frequencies; co-polar patterns are nearly 

15 dB higher than cross-polar patterns. The normalized radiation patterns of this 

structure are calculated through following equations: 

E elevation = [ Jn +1 (k0R sin θ ) - Jn -1 (k0R sin θ)] cos nϕ                                          (8) 

E Azimuth = [  Jn +1 (k0R sin θ) + Jn -1 (k0R sin θ)] cos θ sin nϕ                                (9) 

where Jn +1 and Jn -1 are the Bessel functions of order n + 1 and n –1, θ is the elevation 

angle and ϕ is the azimuth angle. 

  

(a) 1.76 GHz  (b) 1.76 GHz 

 
 

(c) 3.18 GHz (d) 3.18 GHz 
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(e) 9.15 GHz (f) 9.15 GHz 

Fig. 12. Measured 2-D radiation patterns in elevation (E-plane)  

and azimuth (H-Plane) planes at different resonance frequencies. 

The polarization of proposed design has performed at several (θ, ϕ) values and 

finally with θ= 50° & ϕ= 74°, the best performance of the antenna is achieved. The 

simulated variation of axial ratio as a function of frequency is shown in Fig. 13. It 

indicates that antenna is presenting circular polarization in the frequency range 4.12 

GHz to 5.20 GHz with axial ratio bandwidth close to 1.08 GHz.  

 

Fig. 13. Simulated variation of axial ratio with frequency.  

The numerical simulation of the SAR values has evaluated on Specific 

Anthropomorphic Mannequin phantom head through CST Simulation program. 

This head is modelled by a shell filled with a liquid, which represent the average 

material properties of the head. The SAR values averaged over 1g biological tissue 

and are obtained by selecting IEEE standard [25]. The simulated power 0.5 W has 

used and SAR calculation performed in the post processing phase of the simulation. 

Figure 14 shows the geometry of the SAM model with proposed antenna.   
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Fig. 14. Geometry of 

SAM Head Hand model 

with proposed antenna.  

(a) 1.8 GHz (b) 2.4 GHz 

Fig. 15. SAR values at different frequencies. 

The effect of the human head on SAR values has studied at 1.8 GHz and 2.4 GHz, 

which is depicted in Fig. 15. The SAR values at 1.8 GHz is 0.000063749 W/kg and 

at 2.4 GHz is 0.00036884 W/kg for 1 gram of tissue on two frequency which are well 

interior the value specified by the FCC (1.6 W/kg). The proposed antenna acquired 

lower SAR values in the human head than that of a dipole and helical antenna.  

4.  Conclusions 

This paper provides design and performance of a U-shaped slots loaded patch 

structure with modified ground plane through simulation and measured results. 

This antenna provides triple band performance with impedance bandwidths 157 

MHz (in frequency range 1.733 to 1.89 GHz), 3.2 GHz (in frequency range 2.29 to 

5.49 GHz) & 10.45 GHz (in frequency range 6.83 to 17.28 GHz), axial impedance 

bandwidth 1.08 GHz (in frequency range 4.12 GHz to 5.20 GHz), nearly flat gain 

(close to 6.5 dBi) and good radiation patterns and acceptable SAR value in the 

desired range.  The maximum gain of the antenna is close to 6.59 dBi at 4.40 GHz. 

This antenna may be proved as a useful structure for modern radio communication 

systems including in Mobile and Bluetooth application, WLAN, WiMAX and 

UWB communication systems. 
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