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ABSTRACT:  
The capability of complementary capacitively-loaded-loop (CCLL) inspired metamaterial (MTM) to 
miniaturize printed patch antenna is examined. The cell etched at the antenna ground plane. The 
antenna is comprised of three main sections: CCLL cell, shorting pins, and a patch with the overall 
dimensions of 50×25 mm2. It is shown that the MTM structure exhibits a magneto-dielectric 
behavior at the lower frequencies. With the aid of the effective material, a miniaturized printed patch 
antenna operates at 650 MHz has been achieved. In some frequency bands, the MTM structure 
efficiently provides an artificial magnetic conductor (AMC). This later feature helps to achieve 
efficient multi-band operation and the antenna can cover the required frequency band of the most 
commercial wireless communication systems, such as LTE 2500/2600 (2480 to 2730 MHz), 
radiolocation service (2890 to 3110 MHz) and LTE 3500/3700, WLAN 3600 (3640 to 3880 MHz). 
In order to validate the simulation results, a prototype of the antenna is fabricated and tested. Good 
agreement between the simulation and measurement results is obtained. 
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1.  INTRODUCTION  

The increasing demands on compact 
multifunctional devices have necessitated the 
development of multi-frequency printed antennas [1]. 
In recent years, many works have been devoted to 
miniaturizing different types of antennas. The typical 
difficulties encountered in designing compact antennas 
include narrow bandwidth and low radiation efficiency. 
Introducing metamaterials (MTMs) opened very 
interesting possibilities for the improvement of antenna 
and microwave components. Researchers have 
demonstrated metamaterial to achieve high gain [2], 
[3], low-cross polarization [4], broad bandwidth [5] and 
miniaturized antennas, including antennas on reactive 
impedance substrate [6], high impedance wire [7], 
incorporating electromagnetic band-gap (EBG) 
structures [8], and composite right/left-handed (CRLH) 
structures [9]-[12]. Artificial magnetic conductors 
(AMCs) based on capacitively loaded loop (CLL) first 
introduced by Ziolkowski in [13], have found various 
applications in antenna engineering [14]-[17]. In [7] 
using high impedance wire (HIW) incorporating CLL-
MTM structure a new miniaturized microstrip antenna 
is presented. Besides this AMC behavior, in this paper, 
it is shown that a CLL-MTM has different effective 
behavior when etched at the microstrip antenna ground 
plane. It is shown that this MTM-cell provides a 
magneto-dielectric response with high permittivity and 

permeability. Thanks to CLL behavior, this paper 
presents a compact multiband printed patch antenna. It 
is shown that loading antenna by a single-cell 
complementary CLL (CCLL) structure, a miniaturized 
multi-band low-profile antenna has been achieved. 
Moreover, the metamaterial-inspired structure helps the 
antenna to have high radiation efficiency at the higher 
frequency bands. Although the MTM was known as a 
periodic structure, applying an element such as a unit-
cell of MTM in antenna structure as a metamaterial-
inspired antenna has been studied and unusual 
properties of the MTM have been achieved [18], [19].  

It has been shown in [20] that by inserting shorting 
pins at a proper position between ground and patch, 
such parameters like gain, directivity, and efficiency of 
an antenna can be improved. Here, by adding the 
shorting pins, the radiating field strength is drastically 
enhanced especially at the radiating edge of the patch. 
These pins reverse the surface current. Reversing the 
surface current at the edge causes to improve the 
antenna radiation. The proposed CCLL–loaded patch 
antenna has a dimension of approximately 
0.11λL0.055λL 0.001λL (fL = 650 MHz and λL is the 
free space wavelength corresponding to the lower 
frequency) while achieving a gain and an efficiency of 
-16~5.5 dB and 5~75%, respectively. Although the 
antenna gain at the low-frequency band is not adequate 
for communication applications, its compact size could 
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attract engineers who want to manufacture compact 
receivers. The suggested structure is fabricated and the 
simulation results are confirmed by measurements. 
 
2.  ANTENNA CONFIGURATION 

The antenna is comprised of three main sections: 
CCLL cell, two shorting pins, and a patch. As 
described in the previous section, a CCLL structure 
have been used to achieve a miniaturized patch antenna 
that operates at a frequency that is much lower than that 
of a resonant frequency of a conventional unloaded 
patch antenna. This resonant frequency adjusted by 
tuning the MTM cell size. To achieve a more compact 
structure, the cell is fabricated by etching the antenna 
ground plane. In this section, the constituent parameters 
of the cell are investigated. 

 
2.1.  Metamaterial Cell Design 

It is well known that the operating frequency of a 
microstrip antenna decreases by increasing the patch 
size. Moreover, the bandwidth and the resonance 
frequency of a patch are related to the substrate 
constitutive parameters by  

 

𝑓𝑓𝑟𝑟 ∝ 1
√𝜀𝜀𝜀𝜀 

(1) 
 

Eq. 1, shows that to having a miniaturized antenna, 
the antenna substrate permittivity (ε) and permeability 
(µ) should be high. In this section, we try to find an 
MTM cell with such a desired frequency response. 

Assuming a periodic structure, the constituent 
parameters of the CCLL cell are investigated. Fig. 1 
shows the schematic of the unit-cell. To understand 
how to choose the incident electric/magnetic field 
vectors we have to study the electromagnetic fields’ 
directions of a conventional patch antenna. The electric 
field of a patch is parallel to the antenna surface (in the 
y-direction) while its magnetic field has a circulation 
behavior (in the x-direction). In order to retrieve the 
constituent parameters of the proposed metamaterial, 
the periodic response is extracted by applying perfect 
electric conductor (PEC) boundaries in the xz-plane and 
a pair of perfect magnetic conductor (PMC) boundaries 
in the yz-plane. Also, a pair of wave-ports is assigned 
on the xy-plane. The resultant scattering parameters 
obtained from CST microwave studio are exerted to 
Chen’s algorithm [21]. The normalized impedance (z) 
and refractive index (n) of the model can be calculated 
as follows: 

 

𝑧𝑧 = ±√(1 + 𝑆𝑆11)2 − 𝑆𝑆21
2

(1 − 𝑆𝑆11)2 − 𝑆𝑆21
2 , 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑧𝑧) ≥ 0 

𝑛𝑛 = 1
𝑘𝑘0𝑑𝑑 {[[ln(𝑒𝑒𝑖𝑖𝑖𝑖𝑘𝑘0𝑑𝑑)]́ + 2𝑚𝑚𝑚𝑚] − 𝑖𝑖[ln(𝑒𝑒𝑖𝑖𝑖𝑖𝑘𝑘0𝑑𝑑)]́ } 

(2) 

where d is the MTM cell thickness and k0 is the free 
space wave number and  
 

𝐼𝐼𝐼𝐼(𝑛𝑛) ≥ 0, 𝑒𝑒𝑖𝑖𝑖𝑖𝑘𝑘0𝑑𝑑 = 𝑆𝑆21

1 − 𝑆𝑆11
𝑧𝑧 − 1
𝑧𝑧 + 1

 

(3) 
 

The ambiguity of the value of m in (2) is resolved 
using Kramers-Kronig (KK) relating the real and 
imaginary parts of the index of refraction 
 

𝑅𝑅𝑅𝑅(𝑛𝑛(𝜔𝜔)) = 1 + 2
𝜋𝜋 𝑃𝑃. 𝑉𝑉. [∫ 𝜔𝜔 ́ 𝐼𝐼𝐼𝐼(𝑛𝑛(𝜔́𝜔))

𝜔́𝜔2 − 𝜔𝜔2 𝑑𝑑𝜔́𝜔
∞

0

] 

   (4) 
 
where P.V. denotes the principal value of the integral. 
The effective permittivity (ε) and permeability (µ) of 
the medium can be expressed as ε=n/z, µ=nz. Using an 
FR4 substrate with a dielectric constant of εr=4.4, and a 
substrate thickness of 0.762 mm, Fig. 1(b) shows the 
retrieved effective parameters of the cell. The design 
parameters of the cell are labeled in Fig. 2. The MTM 
unit-cell exhibits a magneto-dielectric behavior in three 
frequency ranges including up to 0.6 GHz, between 0.9 
and 2.4 GHz, and through 2.5 to 3.0 GHz. According to 
this figure, the retrieved effective 𝜀𝜀𝑟𝑟 × 𝜇𝜇𝑟𝑟 of the 
medium at these regions are high which is preferred for 
antenna miniaturization. Moreover, the MTM unit-cell 
shows AMC characteristics at f = 0.8, 2.7 and 3.75 
GHz. 
 
2.2.  Antenna Design 

A microstrip patch antenna has been considered. 
The schematic of the proposed pin loaded patch 
antenna and the fabricated prototype are shown in Fig. 
2. The antenna is represented as a perspective view, 
from the front and the back. The antenna is printed on a 
25.1 × 50 mm2 single layer FR4 substrate with a 
dielectric constant of 4.4 and a thickness of 0.762 mm 
and the patch size is about 15 × 29.5 mm2. The CCLL 
cell is etched at the antenna ground plane. The shorting 
pin is located near the antenna edge to demonstrate 
miniaturization. The pin is located at a distance t away 
from the edge of the patch. An additional pin with a 
distance of W1 away from the edge is implemented 
between the patch and the antenna ground plane. This 
pin inverses the electric field direction and it causes 
increasing the field strength at the radiating edge 
significantly. Both pins have a radius of r = 0.5 mm. To 
feed the antenna, a microstrip line connected to an 
SMA connector is used. The width of the feed line is 
Wf while its length is Lf. The antenna parameters are 
labeled in the figure caption. This prototype is 
fabricated and tested (See Fig. 2(b)). 
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(a) 

 

 
(b) 

Fig. 1. The CCLL cell, (a) schematic of the cell, the cell dimensions are summarized in Fig. 2, and (b) the magnitude and phase of 
the S-parameters and the constitutive parameters 
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(Perspective View)                                                       (Top View) 

 
(Bottom View) 

(a) 

       
(b) 

Fig. 2. Geometry of CCLL–loaded patch antenna: Lant=50 mm, Want=25.1 mm, LP=29.5 mm, WP=14.89 mm, LF=10.15 mm, WF=5 
mm, SF=12.5 mm, LC=38 mm, WC=16.5 mm, W1=13.2 mm, W2=7 mm, W3=5 mm, L1=7.5 mm, L2=22.25 mm, L3=17.6 mm, L4=8 
mm, t=1.5 mm, S1=12 mm, S2=5 mm, g1=0.95 mm, and g2=0.65 mm, (a) Schematic view, and (b) Antenna prototype 
 
3.  SIMULATION AND TEST RESULTS 

Fig. 3 shows the antenna impedance components 
and the simulated and measured s-parameters of the 
antenna with and without CCLL-load. Fig. 3(a) shows 
the measured reflection coefficient of the antenna as 
compared with the simulation results with and without 

the CCLL-loads. Good agreement between simulation 
and measurement results is obtained. The antenna 
shows a low- frequency band that could be tuned by 
adjusting the CCLL-cell size. Here, it is adjusted to 
cover 650 MHz with the impedance bandwidth of 3% 
(20 MHz) from 643 to 663 MHz. The antenna also 
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operates at the frequency bands that expanded from 
2480 to 2730 MHz (LTE 2500/2600), 2890 to 3110 
MHz and 3640 to 3880 MHz (LTE 3500/3700, WLAN 
3600). The antenna bandwidth is 9.6% (250 MHz), 
13.5% (420 MHz), and 6.4% (240 MHz) for these 
bands, respectively. The antenna designed to operate in 
portable handheld applications, thus the frequency 
bands extracted using |S11|<−6 dB.  

The resonant frequency of a simple patch 
antenna printed on the same dielectric substrate with a 
patch length of 50 mm is 2.1 GHz (See Fig. 2). 
Comparing this resonance with that obtained in the 
proposed antenna, 650 MHz, more than 69% size 
reduction is achieved. The antenna has a dimension of 
approximately 0.11λL0.055λL0.001λL (fL = 650 MHz 
and λL is the free space wavelength corresponding to 
the lower frequency). The real component of the input 
impedance is illustrated in Fig. 3(b). According to this 

figure, adding both shorting pins and using CCLL cell 
causes to obtain a more compact antenna.  

In Fig. 3(c), the behavior of the loaded antenna as a 
function of CCLL cell size is investigated. Due to the 
resonating nature of the CCLL, it is expected that the 
S-parameter of the antenna affected considerably. The 
numerical simulations show that the antenna return loss 
significantly affected by the metamaterial cell size. In 
this figure, we define a scale factor that compares the 
antenna return loss for proposed CCLL cell size with 
the smaller cells. 

Parameter LDGS defines the meander-line length and 
the defect on the ground plane. This parameter may be 
adjusted to enhance antenna bandwidth. Fig. 3 shows 
simulated reflection coefficient of the proposed antenna 
for different values of LDGS. According to this figure, 
parameter LDGS could significantly affect the antenna 
impedance characteristics. 

 

 
(a)                                                                                         (b) 

 
(c) 

Fig. 3. Measurement and simulation results of the CCLL-loaded slot and unloaded antennas, (a) Reflection coefficients, and (b) 
Real component of the input impedance, and (c) simulated antenna return loss as a function of CCLL cell size 
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Fig. 4. Measured peak gain and simulated radiation efficiency of the loaded and unloaded antennas versus frequency 
 

The measured gain and the simulated radiation 
efficiency of the antenna with (solid line) and without 
(dashed-line) CCLL-loads are compared in Fig. 4. It is 
clear that the radiation efficiency of the antenna at the 
lower band frequencies is higher than 5% along with a 
gain of >-16dBi. These parameters at the higher bands 
are in the range of 50~75% and 0~2.7dBi, However, 
respectively. As shown in Fig. 4, the measured gain is 
almost close to those obtained by the simulation. 
According to this figure, the antenna gain and 
efficiency at the low-frequency band are not preferred 
for communication applications. However, in contrary 
to the unloaded patch, the CCLL-loaded antenna has a 
considerable performance. At the lower frequencies, 
the unloaded antenna could not be matched and the 
antenna gain and efficiency is drastically lower than 
those obtained by the loaded antenna. Talking about the 
radiation performance, a fair comparison might be done 
with an unloaded patch antenna whose resonating at the 
same frequency. Since, the main objective of this paper 
is to investigate the effect of CCLL on a simple patch 
antenna, in this paper we compared an unloaded 
antenna with the loaded antenna has the same overall 
dimensions. 

Fig. 5 shows the distribution of the tangential 
component of the electric field at f = 650 MHz. 
According to this figure, the radiated field strength is 
substantially low at the unloaded antenna. Loading the 
original patch antenna by means of CCLL the 
magnitude of the electric field increased markedly. As 
described before (see Fig. 1(b)) the CCLL cell behaves 
like an AMC material. The AMC-MTM helps to 
modify electric field directions. Adding the shorting 
pins, the radiating field strength is drastically enhanced 
especially at the radiating edge of the patch. These pins 
reverse the surface current. Reversing the surface 

current at the edge causes to improve the antenna 
radiation 

The normalized measured far-field radiation of the 
antenna is depicted in Fig. 6 at f = 650 MHz, 2.6, 3, and 
3.7 GHz. It is clear that the antenna has omnidirectional 
radiation at f=650 MHz. At this frequency, the antenna 
electrical size is small, 0.11λL, and the antenna exhibits 
dipolar radiation. At the higher frequencies, since the 
CCLL-cell is fabricated by etching the antenna ground 
plane the radiation pattern has a bi-directional behavior. 
This feature is beneficial for handheld/portable devices 
since the position of them are non-predictable in 
practical applications [22]. Some slight asymmetry is 
attributed due to the offset in the ground plane afforded 
by the physical SMA connector and shorting pins 
location. The cross-polarization discrimination of >10 
dB is obtained at both E- and H-planes. 

Table 1 shows the overall performance of the 
CCLL-MTM loaded patch antennas in comparison with 
the recently reported antennas [23]-[25]. Deficiencies 
of the reference antennas are highlighted in the table. 
Both the maximum radiation efficiencies, η, and 
maximum gain measured in the two operating bands of 
the proposed antenna are comparable with all the 
references. The first paper addressed in the table 
introduces a simple compact antenna comprised of a U-
shaped slot antenna with a coupling feed for 4G 
handset applications. A compact multi-band antenna 
consists of a C-shaped and U-shaped monopole 
coupled to an F-shaped strip connected with the ground 
in the bottom layer is introduced in [24]. In [25], a 
multi-broadband planar antenna is proposed which 
consists of a folded monopole, a C-shaped monopole, 
and a trapezoidal monopole with an inverted-F 
monopole. These two designs are also suffering by the 
large size of the ground plane. 
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(Unloaded antenna) 

      
(CCLL-loaded antenna)                          (CCLL-loaded antenna incorporating shorting pins) 

 

Fig. 5. Simulation results of the electric field distribution at f=650 MHz 

     
(0.65 GHz)                                                                         (2.6 GHz) 

     
(3 GHz)                                                                         (3.7 GHz) 

Fig. 6. Measured Normalized radiation patterns of the CCLL-loaded antenna 
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Table 1. Summary of antenna performances for the proposed and reference antennas 

Antennas Max Gain 
(dBi) 

Max η 
(%) 

Number 
of Band 

Dimension 
(mm) Operating Frequency Bands (MHz) 

Ref [23] 0.8/0.6~2.1 50~85 Dual 120×65×0.6 690–750/1700–4200 

Ref [24] 2.8/4.3/4.4/5.6 50~87 Multi 
15×68×0.8 
+121×68 Ground 698–1046*/1618–2703*/3018–4377*/4697–6000* 

Ref [25] 1/2/5 65~85 Multi 
15×60×0.5 
+100×60 Ground 790–1061*/1650–2775*/3132–6382* 

This 
Work -16/4.1/5/5.5 5.5/68~75 Multi 25×50×0.762 643–663*/2480–2730/2890–3110/3640–3880 

* The bandwidth measured by using |S11|<−6 dB 
 

4.  CONCLUSION 
A compact, multi-band and low-profile patch 

antenna for handheld/portable applications has been 
presented. It is shown that utilizing a CCLL helps to 
obtain prevalent LTE/WLAN frequency bands. Adding 
two shorting pins causes to reverse the antenna surface 
current which consequently leads to improve radiating 
performance. The MTM cell etched on the antenna 
ground plane. The antenna has a low-profile 
configuration and fed by a simple microstrip line. The 
antenna overall dimension is 0.11λL0.055λL 0.001λL 
while it achieves gain and efficiency of -16~5.5 dB and 
5~75%, respectively. 
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