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Abstract—Multiband printed monopole antennas loaded with 

open complementary split ring resonators (OCSRRs) are 

presented. The OCSRRs, modeled as parallel LC resonant tanks, 

act as high-impedance elements at their resonance frequencies, 

and different effective λ/4 sections can be achieved in the 

monopole by placing them at proper locations. Thus, the first 

working frequency is related to the length of the monopole, while 

the additional bands are controlled by the resonance frequencies 

of the OCSRRs. Moreover, the proposed antennas present 

monopolar radiation characteristics at all the operation bands. 

Two prototypes are designed, manufactured and measured: (i) a 

single-loaded OCSRR dual-band printed monopole antenna 

covering the Bluetooth and IEEE 802.11a/b/g/n bands (2.40-2.48 

GHz and 5.15-5.80 GHz, respectively), and (ii) a tri-band 

prototype based on the same design, but with an additional 

OCSRR designed to also cover the IEEE 802.11y frequency band 

(3.65-3.70 GHz). Both antennas are printed on a single-layer of a 

low-cost substrate, resulting very compact designs.  

 
Index Terms— Metamaterials, monopole antenna, 

multifrequency antennas, printed antennas. 

I. INTRODUCTION 

HE growing use of Wireless Local Area Networks 

(WLANs) and Personal Area Networks (PANs) requires 

the development of multiband antennas capable to operating to 

different standards and different frequency bands allocated for 

wireless communication systems. Moreover, the required 

antennas must be compact and low-cost in order to integrate 

them into terminals and access points. Printed monopole 

antennas satisfy all these requirements.  

The conventional approach to achieve multiband printed 

monopoles consists of using several strips or creating different 

electric paths, each of them resonating at different frequencies 

[1]-[7]. Drawbacks of these designs are the increase of 

antenna dimensions, the need of large ground planes, or the 

difficulty to obtain the required operating frequencies due to 

antenna complexity. Recently, the use of LC resonator loading 

has been proposed to achieve multiband printed antennas. The 

simplest idea is based on loading a printed antenna with a set 
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of resonant particles [8]-[10]. This technique has been used to 

develop multiband printed dipole antennas [8],[9]. The 

resulting antennas exhibit two or more working bands. The 

first band is directly related to the printed antenna; the 

additional bands are determined by the loading elements.  

However, it was found that the bandwidth of these additional 

bands is very narrow due to the high Q factor of the 

magnetically coupled resonant particles considered. In [11], a 

dual-band printed monopole antenna with metamaterial-

inspired reactive loading was designed. The loading induces 

an additional resonance in which the antenna acts as a 

radiating slot. Thus, the antenna does not present similar 

radiation characteristics at the two bands. A similar approach 

was proposed to design a tri-band printed monopole antenna 

[12], where the additional band was obtained by using a 

“defected” ground plane. However, the combination of 

different radiation mechanisms leads to orthogonal radiation 

patterns at the different bands, and the complexity and 

fabrication costs of this approach are higher due to the two 

printed layers and air bridges used in this design. 

In this work, open complementary split ring resonators 

(OCSRRs) [13] are integrated inside a conventional monopole 

in order to implement novel multiband printed monopole 

antennas. The radiating element is always the monopole; 

hence, the radiation characteristics in terms of radiation 

pattern, polarization and gain are similar to those of a 

conventional printed monopole at all the operation bands. The 

resulting antennas are compact, single-layer and can be 

fabricated with low-cost techniques for mass production. 

II. ANTENNA DESIGN AND WORKING PRINCIPLE 

A. Dual-Band Printed Monopole Antenna 

The proposed antenna is based on a rectangular printed 

monopole fed through a coplanar waveguide (CPW) 

transmission line (printed on the same substrate side), and 

loaded with an OCSRR at a distance do from the feeding point 

(Fig. 1a). The OCSRR (Fig. 1b) can be modeled as a series 

connected parallel LC resonator since there are two current 

paths between the two regions of the monopole separated by 

the OCSRR: (i) an inductive path through the central strip (of 

width d) of the OCSRR, and (ii) a displacement current 

through the slots (of width c) of the particle [13].  
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The working principle of the proposed antenna is similar to 

the one used in trap antennas [14]-[15]. The approach consists 

on inserting a LC parallel tank within the monopole. Out of 

resonance, the trap behaves as a reactive load which modifies 

the electrical length of the monopole. Thus, the first resonance 

occurs when the electrical length of the loaded antenna is λ/4.  

On the other hand, at the resonance frequency of the trap, the 

impedance at the trap is very high, and an open-circuit is seen 

at the trap position from the feeding point. Hence, if the trap is 

located at a convenient position (approximately λ/4 from the 

feeding point at its resonance frequency), an additional 

radiating frequency is achieved. Hence, a dual-band monopole 

antenna is obtained.  

 

 
(b) 

 
(a) (c) 

Fig. 1.  Sketch of the proposed dual-band printed monopole antenna loaded 
with an OCSRR: (a) Top view of the proposed antenna, (b) zoom view of the 

OCSRR layout and (c) equivalent circuit model. Relevant dimensions are 

indicated. 
 

Taking into account that the circuit model of the OCSRR is 

a LC parallel resonant tank [13], the proposed antenna can be 

described as shown in Fig. 1c. The inductance of the OCSRR, 

Lo, is the one of the metallic strip between the slots, and Cc 

takes into account the capacitive effects across the slots. Thus, 

the resonance frequency of the OCSRR, fo, is given by: 

1

2
o

o c

f
L C

=  (1) 

The capacitance Cc is roughly the capacitance of a CSRR with 

identical dimensions and substrate, whereas the inductance Lo 

is four times larger [13]. The OCSRR is thus electrically 

smaller than the CSRR by a factor of two. According to these 

words, the resonance frequency of the OCSRR can be 

estimated from the CSRR model reported in [16]. 

In order to design a dual-band monopole antenna, the total 

electrical length of the monopole is set to λ/4 at the first 

resonance frequency, f1, whereas the OCSRR is placed at a 

distance of λ/4 from the feeding point at f2. The resonance 

frequency of the OCSRR corresponds to the second working 

frequency, f2, hence fo = f2 (the physical parameters of the 

OCSRR lext, c and d are chosen in order to achieve such 

resonance frequency). Indeed Lm must be slightly reduced 

since the OCSRR has an inductive behavior below its 

resonance frequency and thus, enlarges the electrical length of 

the monopole antenna.  

Following this approach, a prototype of the proposed 

antenna has been designed to simultaneously cover the bands 

of 2.40-2.48 GHz (Bluetooth and WiFi) and 5.15-5.80 GHz 

(WiFi). The considered substrate is the low-cost FR4 (εr = 4.5 

and h = 1.5 mm). The final dimensions of the monopole are Lm 

= 21 mm, Wm = 5.85 mm. The parameters of the feeding line 

are set to obtain a 50-Ω CPW. Hence, S = 2.44 mm and W = 

0.30 mm. The dimensions of each ground plane are Lg = 16 

mm and Wg = 13.48 mm. The gap between the ground planes 

and the monopole is g = 0.30 mm. The OCSRR is placed at a 

distance do = 12.50 mm and its parameters are lext = 2.30 mm, 

c = d = 0.25 mm. The gap go is set to 0.50 mm. 

 
Fig. 2.  Simulated and measured reflection coefficient of the proposed dual-
band and tri-band printed monopole antennas. The simulated reflection 

coefficient of the conventional monopole antenna is also plotted. 

 

Fig. 2 shows the simulated (CST ® Microwave Studio) 

reflection coefficient of the proposed dual-band monopole 

antenna. The reflection coefficient of the conventional 

monopole antenna (i.e., the same antenna without the OCSRR 

loading) is also shown for comparison. For the conventional 

monopole antenna, there is only one operating frequency band 

within the region of interest. This band is centered at 2.81 

GHz. On the other hand, there are two resonances within the 

region of interest in the reflection coefficient of the OCSRR-

loaded antenna. The first one is well matched from 2.26 GHz 

to 2.60, considering |S11| < –10 dB. This corresponds to a 14% 

fractional bandwidth, centered at 2.43 GHz. Following the 

same criteria, the second band goes from 4.81 GHz to 5.99 

GHz. This second band is centered at 5.4 GHz. These results 

are consistent with the equivalent circuit model, because two 

resonances occur in the proposed antenna. Moreover, the first 

resonance is shifted down as compared to that of the unloaded 

monopole antenna due to the inductive behavior of the 

OCSRR below its resonance frequency; the second resonance 

appears at the resonance frequency of the OCSRR. 

Fig. 3 shows the currents on the monopole antenna at the 

two resonances. At the first frequency (2.45 GHz), there are 

currents surrounding the OCSRR, but on the rest of the 
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monopole the current distribution is very similar to that of a 

conventional monopole antenna. All the currents are in-phase 

with maximum amplitude at the feeding point and minimum at 

the open edge of the antenna (λ/4 current distribution). On the 

other hand, at the second resonance (5.40 GHz) all the 

currents on the upper part of the monopole are concentrated 

around the OCSRR and there are no currents beyond the 

particle position. Therefore, the particle acts as a trap. The 

currents on the lower part of the antenna exhibit a λ/4 

distribution, i.e., all the currents are in-phase with a maximum 

in the feeding point and a minimum at the separation gap 

between the two halves of the antenna. Thus, the effective 

radiation element is the monopole formed by the lower part of 

the antenna. Hence, a monopolar radiation pattern is expected 

at both frequency bands due to the effective monopolar current 

distributions.  

 
Fig. 3.  Simulated electric currents on the proposed dual-band monopole 
antenna. (a) 2.45 GHz. (b) 5.40 GHz.  

 

B. Tri-Band Printed Monopole Antenna 

The same approach can be used to design multi-frequency 

printed monopole antennas with more than two bands. The 

idea consists on introducing additional OCSRRs designed to 

exhibit the required frequencies and located at λ/4 from the 

feeding point at the corresponding frequency (see the 

equivalent circuit for a tri-band monopole in Fig. 4a). In order 

to show the validity of the proposed approach, a tri-band 

monopole antenna has been designed. The tri-band monopole 

antenna is an extension of the previous dual-band antenna and 

it covers the previous bands and the IEEE 802.11y band of 

3.65-3.70 GHz. According to the layout of the tri-band 

monopole (Fig. 4.b), the additional OCSRR is placed at a 

distance do2 = 18.00 mm. Its design parameters are lext = 2.70 

mm, c = d = 0.25 mm. This corresponds to a resonance 

frequency of 3.65 GHz. The gap go2 is set to 0.40 mm. These 

values have been optimized to only cover the desired 

bandwidth and not interfere with other systems. The other 

parameters of the antenna remain unchanged with respect to 

the dual-band design, except the length of the monopole which 

is reduced to Lm = 19.75 mm to compensate the inductive 

behavior of the OCSRRs below their resonance frequencies. 

The simulated reflection coefficient of the tri-band monopole 

antenna is also shown in Fig. 2. The antenna exhibits a 

behavior similar to the dual-band case, but it has an additional 

band, as expected. This band is centered at 3.66 GHz and it 

has a 6 % bandwidth. Hence, it covers the 802.11y band. 

  
(a) (b) 

Fig. 4.  (a) Equivalent circuit model of a tri-band printed monopole antenna 
loaded with two OCSRRs. (b) Sketch of the proposed tri-band printed 

monopole antenna loaded with OCSRRs. 

III. EXPERIMENTAL RESULTS 

The proposed antennas have been fabricated and measured. 

Fig. 5 shows a picture of the two fabricated prototypes. The 

measured reflection coefficients are also plotted in Fig. 2. 

Good agreement between the simulated and experimental 

results is obtained. The fabricated dual-band printed monopole 

antenna exhibits good matching (|S11| < -10 dB) from 2.29 

GHz to 2.52 GHz at the lower frequency band. This 

corresponds to a 9.6% bandwidth. In the upper band, the 

antenna is well matched from 4.66 GHz to at least 7 GHz. 

Thus, the fabricated antenna satisfies the specifications of 

Bluetooth and WiFi (bands of 2.40-2.48 GHz and 5.15-5.80 

GHz). 

 
Fig. 5.  Picture of the fabricated prototypes. 

 

 The fabricated tri-band monopole antenna is well matched 

from 2.30 GHz to 2.52 GHz for the first band. Its reflection 

coefficient is below -10 dB between 3.56 GHz and 3.78 GHz 

for the second band, and between 5.06 GHz and 6.71 GHz for 

the third band. Hence, the fabricated prototype is well matched 

within the regulated bandwidths of Bluetooth and WiFi 

including IEEE 802.11y (3.65-3.70 GHz band). 

 The proposed antennas present monopolar radiation 
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characteristics at all the bands. As an example, the normalized 

measured radiation patterns of the tri-band monopole antenna 

are shown in Fig. 6. A monopolar radiation pattern is obtained 

at the three frequencies. The crosspolar component (XPOL) 

has low values (below -20 dB in all of the cases, except the 

XY plane of the third frequency where is below -15 dB). The 

gains of this design are 1.4 dB, 1.2 dB and 1.7 dB at the first, 

second and third bands, respectively. 

 
Fig. 6.  Measured radiation patterns of the tri-band printed monopole antenna. 

(a) 2.45 GHz, (b) 3.65 GHz, (c) 5.40 GHz. 

IV. CONCLUSION 

Multiband printed monopole antennas loaded with OCSRRs 

have been proposed. The operation principle of these antennas 

is similar to the one of trap monopole antennas, which has 

been extensively used at HF frequencies for many years. Two 

or more operating bands at non-harmonic frequencies can be 

obtained through the proposed approach, and the working 

frequencies are closely related to the length of the monopole 

and to the resonance frequency of the loading OCSRRs. In 

order to show the validity of the proposed approach, two 

prototypes have been fabricated and characterized: the first 

one, a dual-band antenna based on a printed monopole loaded 

with a single OCSRR has been found to be suitable for 

Bluetooth and WiFi (bands of 2.40-2.48 GHz and 5.15-5.80 

GHz). The second prototype is an extension of the previous 

one and includes an additional OCSRR in order to also cover 

the IEEE 802.11y frequency band. The proposed antennas 

exhibit radiation characteristics similar to those of 

conventional monopole antennas at all the operating bands. 

These antennas have been implemented on a single layer of a 

low-cost substrate without non-planar elements. The overall 

dimensions of the board are always below 30 mm x 40 mm x 

1.5 mm. These OCSRR-based antennas can be of interest for 

modern PANs and WLANs. 
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