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Abstract. The theory of characteristic modes (TCM) is 
used to examine the behavior of hexagonal split ring reso-
nator (HSRR) unit cells employed in the ground plane of 
a 2-element microstrip antenna array. Suppression of 
higher harmonics and reduction in mutual coupling be-
tween the elements as a result of metamaterial loading was 
investigated using TCM. The novelty of this paper is the 
use of the TCM to investigate the behavior of the HSRR, to 
reduce this mutual coupling, to significantly enhance the 
antenna’s performance. The TCM is employed to precisely 
determine where the HSRR unit cells should be allocated to 
efficiently block the coupling modes and not affect the non-
coupling modes. The simulation results showed that gains 
of 5.36 dB and 8.2 dB as well as bandwidths of 628 MHz 
and 610 MHz are achieved for the single and 2-element 
array antennas, respectively. The bandwidth of the array 
antenna was enlarged to 906 MHz by loading the ground 
plane with five HSRR cells. Prototypes for the proposed 
antennas were fabricated and the experimental outcomes 
showed good agreement between the measurements and 
simulation results. The gain and radiation efficiencies were 
measured using the SATIMO Starlab anechoic chamber. 
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Array antennas, characteristic mode analysis, 
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1. Introduction 
The mobile and wireless communications industry has 

seen rapid expansion in the recent decade, progressing 
from an analog platform to digital systems like 2G (GSM), 
and then advancing to high data rate wireless communica-
tion in WCDMA, also known as 3G. Evolution of the 
communication did not stop there, but kept its pace of de-
velopment to 3.5G (HSPA) and then to 4G, also known as 
LTE and LTE-A. Today, 5G pilot studies are in progress 
and the platform is predicted for release in the 2020s [1], 

[2]. 5G technology that embraces the millimeter wave is 
required to overcome existing constraints such as slow data 
transfer rate and spectrum scarcity. The fifth-generation 
technology also offers better coverage as compared to that 
of the previous generations [3], [4]. In this regard, the 
microstrip antenna plays a vital role in this fast-growing in-
dustry today. Indeed, we can hardly think of any develop-
ment in wireless communication without engaging mi-
crostrip antenna technology. To establish communication 
between wireless devices on higher frequency bands such 
as the mm-wave band, we need antennas which are con-
formal, small and compact, and that are cheap and easily 
fabricated. In this regard, printed patch antennas have been 
the preferred choice over other types of antennas. 

The main drawbacks of microstrip patch antenna 
(MPA) are its lower gain and bandwidth. These features are 
being extensively improved upon through several 
approaches [5], some of which are: (i) use of large number 
of patch antennas in array configuration [6]; (ii) increase of 
substrate thickness [7]; (iii) optimization of the impedance 
matching by using short pins, plates, posts, etc. [8]; (iv) use 
of high permittivity substrates [9]; (v) modification of the 
basic patch shape [10]; (vi) use of multiple layer of sub-
strates [11]; and (vii) for instance by the incorporation of 
metamaterials (MTM) [12].  

Metamaterials are artificial materials that can be 
adapted to display specific electromagnetic properties not 
commonly found in nature. The theoretical concept of 
MTM was introduced by Veselago in 1968 [13]. The mate-
rial has unique properties such as negative values of per-
mittivity and permeability, negative refractive index, 
backward wave propagation, etc. [14]. Among its many 
applications, MTM is employed extensively to ameliorate 
various constraints in the antenna's performance and char-
acteristics.  

Authors in [15] designed a dual-band microstrip an-
tenna incorporating a multiple split ring resonator (MSRR) 
to achieve size reduction. Saravanan et al. in [16] covered 
a conventional patch antenna with MTM superstrate for 
gain enhancement. More recently, Khandelwal et al. in [17] 
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proposed a novel metamaterial structure showing negative 
capabilities at dual frequency bands and with a very small 
frequency ratio. Ali et al. in [18] designed a multiple cir-
cular and rectangular complementary split ring resonator 
(CSRR) to generate multiband response. Further recent 
progresses in this area have since been reported [19], [20]. 

In an antenna array, the mutual coupling effect typi-
cally deteriorates the radiation properties of the array. To 
avoid mutual coupling and grating lobes, separation be-
tween the elements should be between λg/2 and λg, de-
pending on the angular scan range [21]. Various methods 
have been assessed for the suppression of mutual coupling 
between the elements, including the neutralization tech-
nique [22], use of electromagnetic band gap (EBG) struc-
tures [23] or etching of slots or slits from the ground and 
forming defected ground structures (DGSs) [24]. Based on 
the TCM, we used MTM unit cells and characteristic mode 
analysis to reduce the mutual coupling between the two 
elements of the array antenna. 

Characteristic mode analysis (CMA) has become 
a favorable tool for analyzing and designing antennas, 
mainly due to the physical insight gained about antenna 
operating principles without considering any particular 
feeding. Characteristic mode theory is a modal analysis 
technique for antennas of arbitrary shape. It also gives 
a clear understanding of the resonating frequency of spe-
cific modes, radiation patterns and the corresponding mode 
current. Developed by [25], TCM was subsequently modi-
fied by diagonalizing the impedance matrix [26]. Charac-
teristic modes for antenna design provide information such 
as precise resonant frequencies and the right feed points to 
excite a particular CM. The detailed derivation of TCM as 
well as its application in antenna design may be found in 
[27]. The CMs can be obtained by using a generalized 
eigenvalue equation in the form of  

      n n nX RJ J   (1) 

where X and R represent the reactance and resistance, re-
spectively of the geometry under consideration, n is 
an eigenvalue corresponding to eigenvector Jn which repre-
sents the current density of the nth mode on the antenna 
surface. 

Another noteworthy parameter is the modal signifi-
cance (MS), which is a parameter used to find the resonant 
frequency as well as the bandwidth (BW) offered by 
a mode. It is calculated as follows [25]: 

  1 /  1 j  .n nMS     (2) 

The same information can be extracted from the 
characteristic angle curves given by 

  11 80   tann n
    (3) 

When a CM resonates, it is observed that n = 0 while 
MSn = 1 and n = 180°. 

The CST Microwave Studio is used in this paper to 
apply the CMA. In CST MWS that we are using, a CMA of 

MTM-based antennas and possibly of other structures is 
carried out with the multilayer solver available in the CST 
package. After applying the CMA to the structure, the 
results give the eigenvalue (n), characteristic angle (βn), 
and modal significance (MSn) parameters over the desired 
frequency band. From these three parameters, one can 
explore the behavior of the concerned structure. When the 
characteristic mode resonates, the value for n is equal to 0 
while the MSn is equal to 1 and the value of βn is equal to 
180°. When βn < 180° or when n < 0, this means that the 
mode stores magnetic energy, in otherwise when βn > 180° 
or when n > 0 it means that the mode stores electric 
energy. This could be significantly helpful to optimally 
model the concerned structure. 

In this paper, a 1×2 MPA array is proposed for wire-
less communications and analyzed using the source-free 
CMA which provides an insightful physical understanding 
of the operating mechanisms of the antenna. A comple-
mentary hexagonal split ring resonator (CHSRR) met-
amaterial is used for bandwidth enhancement of the 1×2 
patch antenna array. Simulation and optimization of the 
proposed antenna structure are performed using the 3-D 
full-wave CST Microwave Studio software. 

The remainder of the paper is organized as follows: 
Section 2 describes how the proposed antenna is designed. 
The analysis and the behavior of CHSRR as well as a dis-
cussion on the method developed for mutual coupling re-
duction using TCM are described in Sec. 3. The concept 
introduced is then verified by experiment in Sec. 4, which 
is followed by the conclusion in Sec. 5. 

2. Antenna Design and MTM Unit-
Cell Analysis 
The configurations of the single element, 1×2 element 

patch antenna and HSRR MTM are presented in this sec-
tion. The scattering parameters of the HSRR extracted 
using the effective medium theory are also discussed. 

2.1 Single Element MPA 

Figure 1(a) shows a conventional single element MPA 
used here as a reference antenna with which to compare the 
attributes of the final proposed antenna. The antenna is 
designed using FR4 material with a thickness of 
h = 1.575 mm, relative permittivity ɛr = 4.3, and loss tan-
gent of 0.025. As determined utilizing the transmission line 
model equations [21], the width and length of patch an-
tenna are 9.2 mm and 6.5 mm, respectively. The single 
element MPA is matched to a transmission line of 50 Ω 
characteristics impedance using a quarter-wave impedance 
transformer. The return loss of the antenna is minimized to 
reach –25 dB at 10 GHz, as depicted in Fig. 1(b). The cor-
responding gain and bandwidth of this reference antenna 
are determined to be 5.36 dB and 620 MHz, respectively.  

The main objective here is to enhance the perfor-
mance of this reference antenna so that it can be utilized for 
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(a) 

 
(b) 

Fig. 1.  Reference single element MPA operating at 10 GHz: 
(a) Top view, (b) S11 return loss. 

MTM-based wireless communications using TCM. En-
hanced antenna performance refers to an improvement to 
the gain, bandwidth, directivity, and other functions which 
are difficult to achieve with a single element patch. In the 
following sub-sections, the single element antenna is ini-
tially transformed to a 1×2 array, following which; five 
HSRRs are etched within the ground plane to widen the 
antenna bandwidth. Subsequently, a superstrate MTM layer 
covers the patch to magnify the antenna gain significantly. 

2.2. 1×2 Element MPA Array 

Figure 2(a) shows the 1×2 MPA array. The two 
patches have the same dimensions of the single patch an-
tenna referred to above, and are constructed on the same 
kind of substrate. The overall dimensions of the substrate 
are 35 × 28 mm2. The spacing between the rectangular 
patch array elements, about 9 mm, is slightly greater than 
λg/2, where λg is the guided wavelength at 10 GHz. As 
determined utilizing the equations presented in [28], the 
input impedance at the edge of the rectangular patch is 
225  at resonance. A corporate feeding network is used 
for equal division of power. Three different widths of 50 , 
70.7  and 100  microstrip lines are used for the feeding 
network. As determined from mathematical equations re-
ported in [29], the widths of the quarter wavelength trans-
former 106 , 50 , 70.7  and 100  microstrip trans-
mission lines are 0.6, 3.6, 2.1 and 0.71 mm, respectively. The 

 
(a) 

 
(b) 

Fig. 2. 2-element patch antenna array operating at 10 GHz:  
(a) schematic diagram, (b) S11 return loss. 

lengths of these lines are 3.6, 6, 3.5 and 4.35 mm in the 
same sequences. The return loss of the 1×2 rectangular 
microstrip patch array is optimized to attain –41 dB at 
10 GHz as shown in Fig. 2(b). The corresponding antenna 
gain and bandwidth are accomplished to 8.25 dB and 
610 MHz. 

2.3.  HSRR Unit Cell Design and Extraction of Its 
Effective Parameters 

The HSRR structure consists of two nested concentric 
metallic hexagonal rings with a split in the opposite sides 
of each as illustrated in Fig. 3(a). This single HSRR unit 
cell is modeled on the CST microwave studio software 
where the boundary conditions are set as shown in 
Fig. 3(b). The S-parameters over the frequency range from 
7 to 13 GHz are presented in Fig. 3(c). It can be observed 
that the unit cell resonates at 10 GHz with a return loss of  
–16 dB. It acts as an electrically small LC resonator with 
distributed capacitance and inductance. Based on Babinet’s 
principle and the duality concept, the CSRR is the negative 
image of SRR, but the basic mechanism is the same for 
both resonators. 

Figure 3(d) shows the negative permittivity character-
istics of the CHSRR which are extracted from the 
scattering parameters using the algorithm presented in [30]. 
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                             (a)                                                     (b) 

  
                             (c)                                                     (d) 

Fig. 3.  CHSRRs: (a) Schematic diagram, (b) modeling setup 
and boundary conditions, (c) S-parameters, (d) 
extracted permittivity. 

 
(a) 

 
(b) 

Fig. 4.  Proposed antenna incorporating 5 HCSRR MTM unit 
cells in the ground plane: (a) Schematic diagram and 
(b) S11 parameters. 

 

Parameter Ws Ls Wp Lp W L 
Value 35 28 9.2 6.5 6 6 

Parameter W1 L1 W2 L2 W3 L3 
Value 3.6 6 4.35 0.71 2.1 3.5 

Parameter W4 L4 W5 L5 S Lh 
Value 3.6 4.2 0.6 3.6 0.5 1.41 

Parameter Wf Lf t Wt Lt g 
Value  3.1 6.9 0.3 0.74 4.3 0.28 

Tab. 1.  Optimal values of the proposed antenna dimensions 
(mm). 

In order to enhance the bandwidth of the proposed antenna 
that resonates at 10 GHz, five hexagonal CSRRs are etched 
on the ground plane as shown in Fig. 4(a). It is evident in 
Fig. 4(b) that the band width is enlarged significantly up to 
906 MHz. All optimal dimensions of the antenna and the 
HSRR unit cell are listed in Tab. 1 as done in [31]. 

3. CMA of Proposed Antenna 
Elements and CHSRR Unit Cell 
The characteristic mode analysis (CMA) of the pro-

posed antenna is carried out using the commercial simula-
tor software CST MWS (ver. 2018) with a multilayer 
solver. The theory of Characteristic Mode Analysis is per-
formed here in a series of steps to investigate how each part 
of the antenna structure influences the whole antenna per-
formance. First, we start by examining the ground plane 
only by TCM. We then analyze the 1×2 MPA array in-
cluding the ground plane but without MTM unit cells. Fi-
nally, we investigate the 1×2 MPA array with the five 
CHSRRs MTM unit cells inserted in the ground plane. 
These three analytical steps are performed without involv-
ing the feeding port. The main objective here is to under-
stand how mutual coupling between the patch elements can 
be controlled using the MTMs by studying the behavior of 
the CMs. First, the modes are identified in the frequency 
band of interest and then the CHSRRs are implemented in 
the ground plane to block the modes that produce high 
coupling. The characteristic angles for the first four modes 
from the TCM analysis of the ground plane are demon-
strated in Fig. 5, while the current distributions for the 
same modes are depicted in Fig. 6.  

From a physical point of view, a characteristic angle 
models the phase angle between the characteristic current 
Jn and the associated characteristic field En. Figure 5 pre-
sents the variation of the characteristic angles n associated 
with the current modes versus frequency. It can be seen 
that a mode resonates when its characteristic angle n is 
180°. Therefore, when the characteristic angle is close to 
180° the mode is a good radiator mode; otherwise the mode 
mainly stores energy. In the case of 90°< βn < 180°, the 
associated modes are inductive modes while in the case of 
180° < βn < 270°, the associated modes are capacitive 
modes. It is observed in Fig. 5 that only Modes 1 and 2 are 
contributing in the band of interest, while Modes 3 and 4 
start contributing after 4.1 GHz and after 14 GHz, respec-
tively.  

It is also observed in Fig. 6 that the current distribu-
tion of Mode 1 is concentrated around the sides of the 
ground while there is nearly no current (nulls) in the medial 
area of the ground that represents the important region 
between the two patches that determines whether the mode 
is one of coupling or non-coupling. Accordingly, Mode 1 is 
the non-coupling mode while Mode 2 represents the cou-
pling mode because there is maximal current at the center 
region. We would want to block this mode that is causing 
high coupling. 
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Fig. 5.  Characteristic angle curves of the ground plane. 
 

(a)  (b) 

(c)  (d) 

Fig. 6. Current distribution of the first four modes on the 
ground plane at 10 GHz: (a) Mode 1, (b) Mode 2,  
(c) Mode 3, (d) Mode 4. 

3.1 1×2 Element MPA Array without CHSRR 
MTM 

TCM is applied here to the 1×2 array patch antenna 
design including its substrate as in Fig. 2(a). The charac-
teristic angle curves and the modal current distributions on 
the surface of the ground plane at 10 GHz are shown in 
Figs. 7 and 8, respectively. It is clearly seen in Figs. 7 and 
8 that it is not just the ground that decides the CM behav-
ior. Modes 1 and 2 are contributing in the desired fre-
quency band, while Mode 3 and Mode 4 start contributing 
only after 6.4 GHz and 12.5 GHz, respectively. By using 
the current distribution, we can identify any of these de-
sired frequency modes (Mode 1 and Mode 2) which cause 
high coupling between the two elements of the MPA array 
that we are going to block. It is also observed from Fig. 8 
that Mode 2 causes high coupling between radiating ele-
ments because of the high current density in the area be-
tween the radiating elements. 

 
Fig. 7.  Characteristics angle curves of the 1×2 array patch 

antenna in the presence of the FR4 substrate. 
 

(a)  (b) 

(c)  (d) 

Fig. 8.  Current distribution of the first four modes of the 1×2 
patch array at 10 GHz: (a) Mode 1, (b) Mode 2,  
(c) Mode 3, (d) Mode 4. 

3.2 1×2 Element MPA Array with CHSRRs 
MTM 

The 1×2 element patch array incorporating the 
CHSRR MTM unit cells is analyzed here using TCM. As 
mentioned previously (see Sec. 3.1 above), Figure 7 shows 
that Modes 1 and 2 are contributing to the radiating band-
width in the band of interest while Modes 3 and 4 are not 
contributing in any way. Moreover, in view of the current 
directions, it can be seen that Mode 1 is not contributing to 
the coupling between the two patch elements due to the 
presence of current nulls while Mode 2 produces coupling 
between them. To reduce the coupling between the two 
radiating elements, five hexagonal CSRRS are etched in the 
ground plane as shown in Fig. 4(a). Based on the charac-
teristic mode analysis, the hexagonal CSRRS ought to be 
placed at a position such that they are able to block the 
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coupling modes, without influencing or prohibiting the 
non-coupling modes. In the event that there are two modes 
in the coveted band where one is a coupling mode and the 
other a non-coupling mode, they can be isolated in such 
a way where one can be hindered without influencing the 
other. It gets more complicated whenever there is need to 
deal with additional modes. The characteristic angle curves 
and the CM current distribution at 10 GHz are shown in 
Figs. 9 and 10, respectively. From these curves, it can be 
seen that just Mode 1 is available in the desired bandwidth 
area while Mode 2 is hindered in the band of interest. We 
can infer that Mode 1 is responsible for the radiation. The 
radiating BW of Mode 1 and the impedance BW of the 
actual structure stops exactly at a similar point, as shown in 
Fig. 9. This implies Mode 1 is assuming the significant role 
of the desired resonance frequency. 

 
Fig. 9.  Characteristic angle curves of the 1×2 array patch with 

CHSRRS. 

   
                        (a)                                                               (b) 

   
                        (c)                                                               (d) 

Fig. 10.  Current distributions of the first four modes of the 1×2 
array patch at 10 GHz, where (a) Mode 1, (b) Mode 2, 
(c) Mode 3, (d) Mode 4. 

4. Measurements and Discussions 
The proposed 1×2 MPA array based on MTM was 

fabricated and measured using the R&S ZVA 67 VNA 
(Vector Network Analyzer) operating from 10 MHz to 
67 GHz. Photographs of the fabricated prototype are shown 
in Fig. 11. Figure 12(a) depicts the simulated return loss 
characteristics of the reference antenna, 1×2 array MPA 
without (unloaded) and with (loaded) HSRR MTM unit 
cells on the ground plane, whereas Figure 12(b) displays 
the simulated and measured S11 parameters of the proposed 
antenna under loaded conditions. 

It can be observed from Fig. 12(a) that the array 
antenna without MTM resonates at 10 GHz and has a band-
width of 610 MHz, whereas the bandwidth expands to 
906 MHz when five HSRRs MTM unit cells are incorporated 

  
Fig. 11.  Fabricated model: (a) top and (b) bottom views. 

 
(a) 

 
(b) 

Fig. 12.  Return loss characteristics of (a) Reference antenna 
and array antenna without and with MTM (simulated). 
(b) Proposed array antenna with MTM (measured and 
simulated). 
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on the ground plane, Figure 12(b) demonstrates the simu-
lation and measurement results which are in good agree-
ment with each other. However, there is a small shift in the 
resonant frequency between simulated and measured return 
loss (about 2%) due to fabrication tolerance. 

The SatimoStar Lab near-field antenna measurement 
system setup with measurement ranges of 800 MHz to 
6 GHz, and 6 GHz to 18 GHz is shown in Fig. 13. It is used 
to measure the antenna gain, radiation efficiency and radi-
ation pattern characteristics. This system allows measuring 
the antenna’s electric fields within the near-field region to 
compute the corresponding far-field values of the antenna 
under test (AUT). The AUT is placed on the test board and 
positioned in the middle of a circular “arch” which contains 
29 measuring probe antennas divided into 15 probes for 
low frequency range and the other 14 probes for high fre-
quency range. These probes are placed at equal distance 
surrounding the circular surface. The AUT is rotated hori-
zontally over 360°, and this rotation and array of probes 
together perform a full 3D scan of the AUT and collect 
data for radiation patterns. The far-field data is then used to 
compute the gain and radiation efficiency of the AUT.  

Figure 14 compares the simulated and measured radi-
ation patterns in the two principal planes. It is observed 
here that simulated patterns matched well with the meas-
urements at the resonant frequency. 

The antenna broadband gain and radiation efficiency 
are also measured and displayed in Fig. 15 and Fig. 16, 
respectively. It is clear from Fig. 15 that the simulated gain 
is enriched from 5.38 dB to 8.25 dB when the single 
element antenna is transformed to a 1×2 array and a good 
agreement between simulated and measured gain is achieved. 

     
Fig. 13.  Measurement setup in the SatimoStar Lab. 

   

 
Fig. 14.  Simulated and measured radiation patterns at 10 GHz: 

(a) E-plane, (b) H-plane. 

 
Fig. 15.  Comparison between the measured and simulated 

gains of the proposed antennas with and without 
HSRR MTM. 

 
Fig. 16.  Comparison between measured and simulated total 

efficiencies of the proposed antenna with and without 
HSRR MTM. 

The ratio of the radiated power by the antenna to the power 
received by the antenna terminal is defined as the antenna 
efficiency. As shown in Fig. 16, the efficiency of the con-
ventional single patch antenna is greater than the efficiency 
of the 2-element patch antenna, because the greater the size 
of substrate the more the surface wave and thus reduces the 
efficiency. In Fig. 16, the measured and simulated total 
efficiencies of the proposed antenna are roughly matching 
within the antenna band of interest. 

Comparisons between the results achieved in this re-
search with available latest literature are reported in Tab. 2. 
Most of the antennas have good results, while our proposed 
antenna uses a novel method of exciting different charac-
teristic modes to obtain better coupling reduction. 

5. Conclusions 
A two-element MPA array with five HSRR MTM 

unit cells etched on the ground plane is proposed for wire-
less communications. CMA has been shown to be an effec-
tive approach to modeling and designing the proposed 
antenna. The mode contributing to coupling was identified 
and blocked by introducing the HSRR MTM unit cells at 
the position of that mode. The advantage of HSRRs is that 
they block the mode that produces coupling without affecting 
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Reference 
Dimensions 

(mm2) 
Decoupling technique 

Max. isolation 
improvement (dB) 

Bandwidth (MHz) Gain (dB) Efficiency (%) 

[32] 30 × 30 DGS (U-shaped slots) 10 Not reported Not reported Not reported 

[33] 42 × 10.2 MTM (Modified SRR) Not reported 115 Not reported 90 

[34] 36 × 36 Metalized walls and strips 13 
58 and 43  

(dual band) 
2.7 and 2.85  
(dual band) 

65 and 63  
(dual band) 

[35] 150 × 150 EBG 20 85 7.1 90 

[36] Not reported Split-ring resonators 13.54 Not reported 7.01 Not reported 

This work 35 × 28 MTM and TCM Not reported 906 8.2 58 

Tab. 2. Comparison among the results obtained in this work and recent papers. 

the other modes significantly. Loading of HSRRs does not 
only reject the higher harmonics, but also reduces the 
surface waves and mutual coupling between the elements 
of the patch antenna array. The proposed antenna enriches 
the gain of the conventional patch antenna by about 50% 
and also extends its bandwidth by about 50%. The 
performance comparison of the antenna array with and 
without HSRR MTM provides verification that MTMs 
have good potential to improve significantly the perfor-
mance of the MPA. TCM is useful and efficient in investi-
gating and analyzing the performance of the proposed 
antenna. A prototype of the proposed antenna that was 
fabricated showed good agreement between measurement 
and simulation results.  
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