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 In this work, we propose the design of metamaterial inspired compact 
circular patch antennas loaded with complementary split-ring resonators 
(CSRRs) for ISM band operation. CSRRs have been incorporated 
horizontally inside the dielectric. The various models of CSRR loaded 
antennas with different patch radius are produced and are evaluated 
numerically with Ansoft HFSS software. The results of the suggested 
antenna designs are presented that reveal a comparable impedance match and 
radiation characteristics with those of a normal patch antenna without CSRR. 
The proposed antennas yield high levels of miniaturization and similar 
performance to the conventional patch antenna at the 2.45GHz. 
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1. INTRODUCTION  

Nowadays the small size antenna became a significant part of the overall package volume due to 
greater integration of electronics. This raised the demand for minimization in antenna size. The base of all 
these researches arouse from the metamaterial property coined by Victor Veselago in 1968 [1]. The 
instigation of the metamaterials (MTMs), with unnatural exotic properties has provided a different approach 
to design electrically-small antenna (ESA) systems. Split-ring resonators (SRRs) and their dual, 
complementary split-ring resonators (CSRRs) are used widely to manufacture metamaterials [2]-[6]. In 2004, 
CSRRs were firstly introduced by Falcone et al., proved to possess negative permittivity [6].  By using the 
concepts of duality and complementarity, Falcone et al. showed that the efficient permittivity of a dielectric 
comprising CSRRs (regular cuts etched from a metallic disk) can be adapted to desired frequency when the 
dielectric is energized by the electric field polarized over the axis of the CSRRs. Hence, the resonant 
frequency of a complementary structure can be reduced with various slots. So miniaturization, in a broader 
concept, can be acquired by making a high frequency antenna to radiate at a lower frequency. This is 
achieved by loading the CSRRs inside the patch cavity. CSRR have been widely used in ESA designs [7] and 
the miniaturization of known designs [8]-[14]. A plethora of  miniaturization techniques is available in 
literature like insertion of slots on the radiating patch [15], design of fractal based antenna [16]-[17] and  use 
of artificial materials such as high impedance surfaces (HIS), reactive impedance surfaces (RIS), magneto-
dielectrics and Defected Ground Structure (DGS) based antennas [18] but these methods provide little 
miniaturization of about 38% whereas incorporation of CSRRs inside the dielectric provides miniaturization 
upto 78% [12]. 
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In this work, various microstrip patch antennas loaded with CSRR is presented, that operate in the 
ISM band. A metamaterial inspired design approach is presented to design very small patch antennas which 
are thin having low weight, cheap and easy to fabricate. With metamaterial inspired, it is meant that the 
parasitic structure is not metamaterial itself; but it is inspired by that possibility. The reduced size of patch 
antennas is obtained over a fine impedance match, along a reflection coefficient of beyond -20 dB in every 
case. In this work, miniaturized antennas upto 1/15 surface area reduction, are observed in simulations with 
acceptable degradation of impedance or pattern. 
 
 
2. ANTENNA DESIGN 

A radiating circular patch is situated at the top of a cylindrical dielectric, aided with circular ground 
plane having length identical to the substrate. The patch is excited with microstrip line feed. Within the patch 
and ground plane a metallic disk is positioned horizontally and CSRRs of different radius are incorporated by 
skimming the disk material. 
 
2.1. Conventional Circular Patch Antenna Design 

Figure 1 depicts the design of conventional circular patch antenna without CSRR. A circular copper 
patch of radius 22.1mm  is etched on the top of a circular Rogers RT/duroid 5870 substrate of radius 46.2mm 
having thickness 2.34mm, dielectric constant  2.33 and dielectric loss tangent δ=0.0012, supported by a 
copper ground plane of same radius. A 50Ω copper microstrip line of width 1.5mm, with an SMA connection 
situated on edge of the dielectric is feeding the patch. The patch radius is optimized to resonate the antenna at 
2.45GHz. 
 

 
 

 Figure 1. Conventional circular patch without CSRR 
 
 
2.2 . Design Analysis of Circular Patch Antenna  

The radius of a circular patch, r is given by (Balanis, 1982) [19] is: 
 

	 .

                                          (1) 

 
where  is substrate dielectric constant  

    is substrate height 
 

F is operational frequency given by Equation (2): 
 

.

√
            (2) 

 
The Equation (1) is without considering the fringing effects. Fringing results in the electrically 

larger patch, So the effective radius of patch,	 	 is is given by Equation (3). 
 

1 1.7726
/

                 (3) 

 
Hence, the resonant frequency is given by Equation (4). 
 

.

√
                                                                      (4) 

where  is the free space speed of light. 
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2.3 . Antenna Design with CSRR         
For miniaturization, a copper disk consisting of a CSRR is inserted horizontally 0.78 mm below the 

radiating patch as illustrated in Figure 2. Three different models of circular patch antenna are designed with 
different patch radii. For all the cases, the ground plane radius is taken twice of the patch, with  substrate 
thickness 2.34 mm, and the microstrip feed line width is taken 1.5 mm for 50 Ω characteristic impedance; all 
these are similar to the conventional patch. 

Following three miniature versions of conventional circular patch antenna are designed: 
1) Model 1: In model 1, the circular patch antenna with patch radius 12 mm, a disk of  radius  r1, 

23mm containing single ring (n=1) having radius r2, 7.1mm, thickness t, 1.5mm and gap width d,  1.15mm  is 
inserted 0.78mm below the patch .  

2) Mode1 2: In model 2, the circular patch antenna with patch radius 10mm, a disk of radius r1, 
9.8mm containing two rings (n=2) with outer ring radius r2, 5.3mm, thickness t, 1.16mm, gap width d, 
1.46mm and spacing between the rings s, 0.74 is inserted 0.78mm below the patch .  

3) Mode1 3: In  model 3, the circular patch antenna with patch radius 6mm, a disk of  radius  r1, 
10.7mm containing three rings (n=3) with outer ring  radius r2, 9.9mm, thickness t, 1.65mm, spacing between 
rings s, 1.05mm and gap width d, 1.9mm is inserted 0.78mm below the patch.  

4) Model 4: In  model 4, the circular patch antenna with patch radius 5.8mm, a disk  of  radius  r1, 
10.5mm containing three rings (n=4) with outer ring  radius r2, 9mm, thickness t, 1.3mm, spacing between 
rings s, 0.7mm and gap width d, 1.6mm is inserted 0.78mm below the patch. 
 
 

 
 

Figure 2. The miniaturized  patch antenna using CSRR (Model 3 with n=3)  
 
 

The circular disk geometry, presented in Figure 3., is optimized through changing the number of 
rings, n, the outer ring radius, , thickness of the rings, , spacing between the rings, , and the  width of the 
cut, . The values of t,  and	  are selected to be the equal for all of the CSRRs, and the disk radius r1, is kept 
less than the ground radius. 

 
 

 
 

 Figure 3. Circular disk containing the CSRR (a) n=3 (b) n=4 
 
 

To prevent interaction with the SMA connector, the disk radius, r1, for every case is chosen to be 
smaller than the substrate. The r1 values for various patch geometries are tabulated in Table 1. 
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Table 1. Values of CSRR parameters for three models with different patch radius 
MODEL MODEL 1 MODEL 2 MODEL 3 MODEL 4 

Patch Radius (in mm) 12 10 6 5.8 
Disk radius(r1) (in mm) 23 9.8 10.7 10.5 

Outer ring radius(r2) (in mm) 7.1 5.3 9.9 9 
spacing (s) (in mm) ... 0.74 1.05 0.7 

Thickness (t) (in mm) 1.5 1.14 1.65 1.3 
Gap width(d) (in mm) 1.15 1.46 1.9 1.6 

 
 
3. RESULTS  AND DISCUSSION 

After optimizing the patch and modeling the geometry of CSRR the antenna is analyzed for far field 
calculations. The frequency responses and reflection coefficient for all the cases is calculated and presented 
in various plots. It is observed that various CSRR geometries produce different patch antennas with different 
patch radius, resonating at same frequency, but with varying performances. The geometry of the CSRR for a 
desired level of miniaturization is resolved with its simulation with full wave solver HFSS. HFSS software is 
based on Finite Element Method (FEM), is nowadays used in designing and analysis of complex antennas. 
 
3.1.  Conventional Circular Patch Antenna 

The frequency response and reflection coefficient plot of conventional patch antenna is shown in 
Figure 4. It is noticeable from Figure 4, conventional circular patch antenna resonates at 2.45GHz with 
reflection coefficient below -10dB as desired with circular patch radius as 22.1 mm. 

 
 

 
 

Figure 4. Reflection Coefficient (S11) plot of the normal patch antenna without CSRR 
 
 
3.2.  Model 1 (Circular patch with radius 12mm) 

The frequency response and reflection coefficient plot of model 1 is shown in Figure 5. The antenna 
resonates at 2.46GHz with reflection coefficient below -20dB as desired. The results achieved reduced patch 
radius of 12mm and area reduction of 1/4 of the conventional patch antenna. 

 
 

 
 

Figure 5. Reflection Coefficient (S11) plot of model 1 
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3.3.  Model 2 (Circular patch with radius 10mm) 
The frequency response and reflection coefficient plot of model 2 is shown in Figure 6. The 

reflection coefficient of this antenna is below -25dB and it resonates at 2.47GHz when the radius of the patch 
is 10mm. This design results in area reduction of 1/5 of the conventional patch antenna. 

 
 

 
 

Figure 6. Reflection Coefficient (S11) plot of model 2 
 
 
3.3.  Model 3 (Circular patch with radius 6mm) 

The frequency response and reflection coefficient plot of model 3 is shown in Figure 7. The 
reflection coefficient of this antenna is below -25dB and its resonance frequency is 2.46GHz. This antenna 
design achieve reduced patch radius of 6mm and area reduction of 1/14 of the conventional patch antenna.  

 
 

 
 

Figure 7. Reflection Coefficient (S11) plot of model 3 
 
 
3.4.  Model 4 (Circular patch with radius 5.8mm) 

The frequency response and reflection coefficient plot of model 4 is shown in Figure 8. The 
reflection coefficient of this antenna is nearly -25dB and its resonance frequency is 2.48GHz. This antenna 
design achieves further reduced patch radius of 5.8mm and area reduction of 1/15 of the conventional patch 
antenna. Due to the degradation in antenna volume, the radiation efficiency and the bandwidth of the 
resultant patch antenna get affected but its properties stay fairly good. 

 
 

 
 

Figure 8. Reflection Coefficient (S11) plot of model 4 
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An electric current is induced on the metal, when an SRR is placed in time varying normal magnetic 
field, gaining peak value at the SRR resonant frequency. Similarly by duality, magnetic current is expected to 
be generated among the CSRR slots, approaching the optimum value at the CSRR resonance frequency, 
when CSRR was kept in a time varying perpendicular electric field.  This effect is shown in Figure 9, which 
presents an electric field intensity plot on the CSRR screen for a miniaturized patch antenna with radius 
6mm. It is observed that the electric field intensity is strong at the edges of the slots. When disk radius is 
decreased, the number of slots in the disk increases in order to achieve equivalent resonant frequency and a 
fine impedance matching. 

 
 

 
 

 Figure 9.  Electric field intensity at the surface of the CSRR 
 
 

The simulated 2-D patterns of gain of conventional patch antenna shown in Figure 10. And the 
proposed miniature antennas have been presented in Figure 11 (a) (with patch radius 12mm), Figure 11(b) 
(with patch radius 10mm), Figure 12 (a) (with patch radius 6mm) and Figure 12 (b) (with patch radius 
5.8mm) respectively. The broadside behavior of radiation pattern is preserved, but due to the decrease in 
radiation efficiency, the achieved gain is reduced by making the antenna smaller.  

 
 

 
Figure 10. Simulated gain pattern of conventional patch antenna  

 
 

The position of the disk containing CSRR is decided by accessible substrate thicknesses. The 
substrate thickness of 0.78mm used in this work is a standard value fabricated by Rogers Corporation. Also 
further optimizations having CSRR positioned at 1.56mm below the patch presented the same results as those 
achieved for a distance of 0.78mm. 
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Figure 11. Simulated gain patterns of (a) model 1 for n=1 (b) model 2 for n=2 
 
 

 
 

Figure 12. Simulated gain patterns of (a) model 3 for n=3 (b) model 4 for n=4 
 
 
4. CONCLUSION  

A highly miniaturized patch antennas design methodology is presented. By inserting a disk 
containing CSRRs into conventional patch, the radius of the patch can be decreased significantly without 
disturbing the impedance match and the field pattern. The construction of these miniature antennas is simple 
and can be produced with less effort at low cost. Even further reductions in the antenna size are possible, but 
the fractional bandwidth and radiation efficiency also get reduced that might proved to be objectionable. The 
proposed design methodology can be used further in other patch designs like rectangular patch. Preliminary 
investigations performed using miniaturized rectangular patch antennas reveal performances comparable to 
those achieved with circular patch. Moreover, the proposed optimization system will prove helpful in 
designing patch antennas for the multi-band operations.  
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