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ABSTRACT 

Broadband microstrip antenna is more commonly realized by 

cutting slot inside the patch. While designing slot cut antennas 

at a given frequency, slot length is taken to be either quarter 

wave or half wave in length. However this simpler 

approximation does not give closer result. In this paper, an 

analysis to study the effect of slot like, half U-slot and 

rectangular slot on the broadband response of Semi-circular 

microstrip antenna is presented. It was observed that the slot 

does not introduce any additional mode but reduces the 

resonance frequency of second order TM21 mode of the patch 

and along with fundamental TM11 mode yields broadband 

response. The slot also modifies the surface current directions 

at TM21 mode and thereby yields broadside radiation pattern 

over the complete bandwidth. Further by studying the surface 

current distributions at modified TM21 mode, the formulation 

of resonant length is proposed. The frequencies calculated 

using the proposed equations agrees closely with the 

simulated result with % error less than 5% over the complete 

slot length range.      
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1. INTRODUCTION 
The simplest method to realize broadband microstrip antenna 

(MSA) is by fabricating the patch on lower dielectric constant 

thicker substrate in conjunction with the proximity feeding 

technique [1 – 3]. The thicker substrate reduces the quality 

factor of the cavity below the patch whereas the proximity 

feeding technique realizes impedance matching for substrate 

thickness more than 0.060. More commonly broadband 

MSAs are realized by cutting the slot (U-slot, V-slot and 

rectangular slot) at an appropriate position inside the patch [4 

– 8]. The slot when its length nearly equals either half wave or 

quarter wave in length then it introduces a mode near the 

fundamental mode of the patch, to yield broadband response. 

However while designing slot cut MSAs in given frequency 

range, this simpler approximation of slot length against the 

wavelength does not give closer results for different slot 

lengths and their position inside the patch. An analysis to 

study the effects of U-slot in dual band rectangular MSA is 

reported [9]. The formulation of resonant length at various 

frequencies in terms of slot and patch dimensions is given. 

However a clear description of the modes at the individual 

frequencies and the comparison of simulated and measured 

results against the calculated results obtained using proposed 

formulations were not given. An analysis to study the effects 

of slots in broadband slot cut rectangular MSA is reported 

[10, 11]. The resonance curve plots, surface current 

distributions and radiation pattern plots were studied for 

different slot lengths. It was observed that the slot does not 

introduce any additional mode but reduces the resonance 

frequency of higher order orthogonal TM02 mode of the patch 

and along with fundamental TM10 mode yields broadband 

response. The slot also modifies the surface current directions 

at higher order mode and thereby gives broadside radiation 

pattern over the complete bandwidth (BW) without any 

variations in the direction of principle planes. The Semi-

circular MSA (SCMSA) is a compact variation of circular 

MSA (CMSA) and broadband slot cut configurations of 

CMSA and SCMSA are reported [1, 12, 13].  

In this paper, firstly broadband designs of slot cut SCMSAs 

for two different slot dimensions, are discussed. In the two 

cases, quarter wavelength approximation of slot length against 

the observed slot frequency does not give closer match. 

Therefore to understand the effect of slot, an analysis of 

broadband half U-slot and rectangular slot cut SCMSAs is 

presented. The slot length is varied in steps and for each of the 

lengths, resonance curve plots, surface current distributions 

and simulated radiation pattern plots generated using IE3D 

software were studied [14]. It was observed that the slot 

reduces the resonance frequency of second order TM21 mode 

of the patch and along with the fundamental TM11 mode 

yields broadband response. The slot also modifies the surface 

current directions at modified TM21 mode and aligns them in 

the same directions as that of the currents at TM11 mode and it 

gives broadside radiation pattern over the complete BW. 

Further by studying the surface current distributions for 

different slot lengths, formulation of resonant length at 

modified TM21 mode is proposed. The frequencies calculated 

using proposed formulations agrees closely with simulated 

results obtained using IE3D software (which agrees within 2% 

with the measured results) for the complete slot length range. 

Thus the proposed analysis gives an insight into the 

functioning of slot cut antennas and the formulations can be 

used to design the slot cut SCMSAs at the desired frequency.             

2. BROADBAND SLOT CUT SCMSAs 
Broadband half U-slot and rectangular slot cut SCMSAs are 

shown in Fig. 1(a – c). The SCMSA is suspended in air of 

thickness (h) 2.1 cm (0.060) and is fed using the N-type 

connector of inner wire diameter 0.32 cm. The SCMSA radius 

is selected such that it operates in TM11 mode at frequency of 

around 1000 MHz. The half U-slot cut SCMSA is optimized 

for broader BW for two different vertical slot lengths (Lv = 

1.5 and 2.5 cm) and resonance curve plots for them are shown 

in Fig. 1(d). Similarly broadband rectangular slot cut SCMSA 

is optimized for two values of slot position (Y) and resonance 

curve plots for the optimized designs are shown in Fig. 1(e).  
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Fig. 1 (a) Top and (b) side views of half U-slot and (c) 

rectangular slot cut SCMSA and resonance curve plot for 

(d) half U-slot cut and (e) rectangular slot cut SCMSA 

In half U-slot cut SCMSA, first peak in the resonance curve 

corresponds to TM11 mode whose frequency is reduced due to 

Lv. The second peak corresponds to slot mode and for Lv = 1.5 

and 2.5 cm, its frequency was found to be, 1091 MHz and 

1011 MHz, respectively. The total inner slot length (Lh – w + 

Lv) for two slot dimensions was found to be 7.9 cm and 11.8 

cm. The frequencies calculated by equating this length to 

quarter wavelength, are 949 MHz and 635 MHz. These two 

frequencies are not close to the frequencies observed in 

resonance curve plots. In rectangular slot cut SCMSA, slot 

length is taken to be quarter wave in length. In the optimized 

designs, first peak in the resonance curve corresponds to TM11 

mode. The second peak frequency due to slot mode was found 

to be 1040 and 1068 MHz, for Y = 1.5 and 2.5 cm, 

respectively. The slot length in the two cases is 5.9 and 6.0 

cm. By using quarter wave length approximation, the 

frequencies for these lengths are 1271 and 1250 MHz, which 

are not close to the observed frequencies in the resonance 

curve. Thus simpler quarter wave length approximation of slot 

length does not give accurate results. Therefore to understand 

the functioning of slot cut SCMSAs, an analysis of slot cut 

SCMSA is carried out as discussed in the following section.     

3. ANALYSIS OF SLOT CUT SCMSAs 
The above equivalent SCMSA was simulated using IE3D 

software and the resonance curve plot for the same is shown 

in Fig. 2(a). The first peak at 980 MHz corresponds to TM11 

mode and the next peak at 1556 MHz corresponds to TM21 

mode. The surface current distribution at these two 

frequencies is shown in Fig. 2(b, c).  

 

 

Fig. 2 (a) Resonance curve plots for (____) SCMSA and for 

Lv = 1.5 and (___ ___) Lh = 3 cm, (__ __ __) Lh = 4 cm, (___ _ ___) 

Lh = 5 cm and surface current distribution at (b) TM11 

and (c) TM21 modes for SCMSA  

At TM11 mode, surface currents show one half wave length 

variations along patch diameter and the perimeter. The 

radiation pattern at TM11 mode is in the broadside direction 

with E-plane aligned along  = 00. At TM21 mode, surface 
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current shows half wavelength variation along patch diameter 

and two half wavelength variations along patch perimeter. At 

TM21 mode maximum of surface currents are vertically 

directed inside the patch, hence radiation pattern shows E-

plane aligned along  = 900, as shown in Fig. 3(a). The half 

U-slot is cut inside this patch and resonance curve plots for Lv 

= 1.5 cm and for varying Lh are shown in Fig. 2(a). The 

increase in Lh is parallel to the surface currents at TM11 mode, 

hence decrease in its frequency is smaller. However the 

surface currents at TM21 mode are orthogonal to the slot 

length and hence with an increase in Lh, TM21 frequency 

reduces and it comes closer to TM11 mode frequency. The 

surface current distributions and simulated radiation pattern 

for Lh = 4 and 6 cm are shown in Figs. 3(b, c) and 4(a, b), 

respectively. With an increase in Lh, surface currents at TM21 

mode are modified and they are aligned along horizontal 

directions inside the patch. This changes E-plane direction 

from  = 900 to 00 at the modified TM21 mode.    

 

 

Fig. 3 (a) Radiation pattern at TM21 mode for SCMSA and 

surface current distribution for different Lh for half U-slot 

cut SCMSA 

Thus half U-slot does not introduce any mode but reduces 

TM21 mode frequency and when its spacing with respect to 

TM11 mode frequency is optimized, then it yields broadband 

response. Due to half U-slot, surface currents at TM21 mode is 

horizontal which leads to the E-plane direction along  = 00 

over the complete BW. Similar analysis is carried out for 

rectangular slot cut SCMSA as shown in Fig. 1(c). The 

resonance curve plots for varying slot length and surface 

current distribution for two slot lengths are shown in Figs. 

4(c) and 5(a, b), respectively. 

    

 

Fig. 4 Radiation pattern for half U-slot cut SCMSA for (a) 

Lh = 4 cm, (b) Lh = 6 cm and (c) resonance curve plots for 

rectangular slot cut SCMSA, Y = 1.5 cm and w = 0.6 cm 

and, (____) l = 0 cm, (___ ___) l = 3 cm, (__ __ __) l = 4 cm, (___ _ 

___) l = 5 cm 

With an increase in slot length, TM11 frequency remains 

constant whereas TM21 mode frequency reduces. The surface 

currents at modified TM21 mode are also aligned along the 

horizontal direction inside the patch. This changes E-plane 

direction from  = 900 to 00. Thus in this case also the slot 

realizes tuning of TM21 frequency with respect to TM11 mode 

frequency to realize broader BW. Similar results are obtained 
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for rectangular slot cut SCMSA with slot cut inside the patch 

as shown in Fig. 5(c). Further by studying the surface current 

distribution at modified TM21 mode, formulation of resonant 

length is proposed as discussed in the following section. 

 

 

Fig. 5 (a, b) Surface current distribution for modified 

TM21 mode for rectangular slot cut SCMSA and (c) 

rectangular slot cut SCMSA (slot cut inside patch) 

4. Formulation of resonant length for slot 

cut SCMSA 
The resonance frequency for CMSA is given by using 

equation (1). As the decrease in TM11 mode frequency with 

slot length is smaller, its formulation in terms of slot 

dimension is not proposed. To formulate the resonant length 

at TM21 mode, patch radius is modified in terms of the slot 

dimension. The formulation at modified TM21 mode for half 

U-slot cut SCMSA is given by using equations (2) – (4). 

reε2rπ

cmnK
rf         (1) 

Where, c = velocity of light = 3 x 108 (m/s) 

Kmn = mth root of nth order Bessel function = 3.05424, for 

TM21 mode  











25r
hL

1.6v0.9Lrer   (2) 

reεπe2r

3.05424c
rf     (3) 

% error = 






 

ie3df
ie3dfrf

100   (4) 

The equation for effective patch radius (re) is derived based on 

the variation in TM21 mode frequency with respect to slot 

length. The frequency is calculated by using equation (3) and 

the % error between the calculated and simulated values is 

calculated by using equation (4). For different values of Lv, 

plots of frequencies and % error are shown in Fig. 6(a – c).  

 

 

 

Fig. 6 (a – c) Resonance frequency and % error plots for 

half U-slot cut SCMSA, (____) simulated, (_ _ _) calculated, 

(___ _ ___) % error 

For the complete slot length range a closer agreement between 

calculated and simulated frequencies with % error less than 

5% is obtained. For the rectangular slot cut CMSA (Fig. 1(c) 

and 5(c)) the decrease in TM11 mode frequency is negligible. 

For the configuration in Fig 1(c), formulation of resonant 

length at modified TM21 mode in terms of slot length (l) is 

given by using equations (5). The frequency and % error 

between simulated and calculated values are calculated by 
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using equations (3) and (4), respectively. The plots of the 

same are shown in Fig. 7 (a – c).     

 
25r

l1.5Yrer     (5) 

 

 

 

Fig. 7 (a – c) Resonance frequency and % error plots for 

rectangular slot cut SCMSA, (____) simulated, (_ _ _) 

calculated, (___ _ ___) % error 

For the entire slot length range a closer agreement between 

simulated and calculated frequencies is obtained. Similarly the 

formulation of resonant length for rectangular slot cut 

SCMSA wherein slot is cut inside the patch is proposed as 

given in equation (6). The plots of frequencies and % error are 

given in Fig. 8 (a – c).  

  
25r

l1.3Yrer     (6) 

 

 

 

Fig. 8 (a – c) Resonance frequency and % error plots for 

rectangular slot cut SCMSA (slot cut inside the patch), 

(____) simulated, (_ _ _) calculated, (___ _ ___) % error 

For the complete slot length range, good agreement between 

the simulated and calculated values is obtained. Thus the 

proposed analysis gives an insight into the functioning of slot 

cut antennas and the proposed formulation can be used to 

design slot cut SCMSA in the given frequency band.    

5. Conclusions 
The broadband designs of slot cut SCMSAs are discussed. It 

was observed that the quarter wavelength approximation of 

slot length does not give closer result. Therefore to get an 

insight into the functioning of slot cut antennas, an analysis of 

slot cut SCMSAs is proposed. It was observed that the slot 

reduces second order TM21 mode frequency of the patch and 

along with TM11 mode yields broadband response. The slot 

also modifies the surface currents directions at TM21 mode 

and thereby yields broadside radiation pattern over the 
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complete BW with out any variations in the directions of 

principle planes. The resonant length formulation for modified 

TM21 mode in terms of slot dimension is proposed. In all the 

slot cut antennas, the frequencies calculated using the 

proposed formulations agrees closely with the simulated 

results. The proposed study in the paper is novel and these 

formulations can be used to design the slot cut antennas in the 

desired frequency range.    

6. REFERENCES 
[1] Kumar, G., and Ray, K. P. 2003, Broadband Microstrip 

Antennas, First Edition, USA, Artech House 

[2] Bhartia, B., and Bahl, I. J. 1980, Microstrip Antennas, 

USA 

[3] Cock, R. T., and Christodoulou, C. G. 1987. Design of a 

two layer capacitively coupled, microstrip patch antenna 

element for broadband applications, IEEE Antennas 

Propag. Soc. Int. Symp. Dig., vol. 2, 936-939. 

[4] Huynh, T., and Lee, K. F. 1995. Single-Layer Single-

Patch Wideband Microstrip Antenna, Electronics Letters, 

vol. 31, no. 16, (August 1995), 1310-1312.  

[5] Lee, K. F., Yang, S. L. S., Kishk, A. A., and Luk, K. M. 

2010. The Versatile U-slot Patch, IEEE Antennas & 

Propagation Magazine, vol. 52, no. 1, (February 2010), 

71 – 88. 

[6] Guo, Y. X., Luk, K. M., Lee, K. F., and Chow, Y. L. 

1998. Double U-slot Rectangular Patch Antenna, 

Electronics Letters, vol. 34, 1805 – 1806 

[7] Sharma, S. K., and Shafai, L. 2009. Performance of a 

Novel -Shaped Microstrip Patch Antenna with Wide 

Bandwidth, IEEE Antennas & Wireless Propagation 

Letters, vol. 8, 468 –471. 

[8] Chair, R., Lee, K. F., Mak, C. L., Luk, K. M., and Kishk, 

A. A. 2005. 2005. Miniature Wideband Half U-Slot And 

Half E Patch Antennas, IEEE Transactions on Antenna 

And Propagations, vol. 52, no. 8, (August 2005), 2645-

2652. 

[9] Weigand, S. G., Huff, H., Pan, K. H., and Bernhard, J. T. 

2003. Analysis and design of Broadband Single Layer 

Rectangular U-slot Microstrip Patch Antenna, IEEE 

Transactions on Antennas & Propagation, AP – 51, no. 3, 

457 – 468. 

[10] Deshmukh, A. A., and Ray, K. P. Analysis of L-Shaped 

slot cut Broadband Rectangular Microstrip Antenna, 

Accepted for publication in International Journal of 

Electronics. 

[11] Deshmukh, A. A., Ray, K. P., and Kadam, A. Analysis of 

slot cut Broadband and Dual band Rectangular 

Microstrip Antennas, Accepted for publication in IETE 

Journal of Research. 

[12] Wong, K. L. 2002. Compact and Broadband Microstrip 

Antennas, John Wiley & sons, Inc., New York, USA 

[13] Deshmukh, A. A., and Kumar, G. 2006. Various slot 

loaded Broadband and Compact Circular Microstrip 

Antennas, Microwave and Optical Technology Letters, 

vol. 48, no. 3, (March 2006), 435 – 439 

[14] IE3D 12.1, 2004. Zeland Software, Freemont, USA 

 


