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Abstract 
 
Specially arranged metamaterial structures may lead to a 
higher degree of constitutive parameter tailoring. This 
paper investigates a multi-fin metamaterial-loaded 
monopole with a metal cap. Capacitively-loaded-loop 
(CLL) metamaterial elements are placed on fins, radially 
arranged around the monopole antenna. The metamaterial 
fins change the radiation pattern of the monopole to a 
sectoral beam in the azimuth plane with a significant 
front-to-back ratio, and the elevation peak relocates 
normal to the monopole due to a metal cap. An 
experimental model is built with six manufactured fin 
inserts inside an additively manufactured (3D-printed) 
holder that surrounds the monopole. Simulation and 
measurement results are compared and show agreement. 
 
1. Introduction 
 
The purpose of this work is to further investigate the 
properties of a multi-fin metamaterial structure, and 
demonstrate its effect in creating a directive sectoral beam 
for a monopole antenna. A previous analysis and 
simulation of this structure was presented in [1] for a 
dipole antenna. Transitioning from the dipole to 
monopole leads to reducing half the needed volume of the 
capacitively-loaded-loop (CLL) metamaterial structures 
and easier antenna feeding. The hexagon structure, shown 
in Figure 1, lends itself to utilizing 3D printing, additive 
manufacturing, which is explored here for the realization 
of the multi-fin loading of the monopole. 
  
 

 
 

Figure 1. HFSS model & 3D additive manufactured 
embodiment of ABS structure to hold CLL fins, a cap, 
monopole and ground plane 

 
2. CLL Elements & Arrangement 
 
The 36.35mm monopole is surrounded by CLL elements 
that have overall dimensions of 25mm by 50mm and are 
separated along the narrow dimension by 5mm. To 
recreate these CLL structures, refer to figure 2 below with 
the following element’s edge lengths (in mm) starting 
from the longest edge: 50, 25, 20, 15, 5, 10, 10, 15, 40, 
15, 10, 10, 5, 15, 20 & 25. The CLL is linearly duplicated 
5 times along the x-axis from x = -72.5mm with a 30mm 
displacement (erasing center CLL). The CLLs are 2.5mm 
above a 150mm diameter ground plane, and 2.5mm below 
a similar metal disc. This XZ plane of CLLs are then 
duplicated around the z-axis at -60o and +60o. Each fin 
comprises of two CLL elements that are printed on a 
55mm by 55mm Rogers 5880 32mil substrate. The host 
structure is additive-manufactured using ABS plastic 
(εr~2.2) that is 10% filled with a honeycomb structure. 
This ABS structure is a hexagon with a 150mm diameter 
that is 55mm high and has six 55mm wide slots, as 
depicted in Figure 1. 
 

 
Figure 2. XZ plane cross-sectional view of the capped 
monopole and CLLs 

 
3. HFSS Simulation Results 
 
Due to the 10% filled honeycomb additive manufactured 
hexagon structure, a range of dielectric constants were 
simulated in HFSS as a solid structure to reduce 
computation complexity. The range of simulations 
varying the dielectric constant from 1.0 to 2.2 were then 
compared against the measured experimental data to 
obtain the effective dielectric constant. A dielectric 
constant of 1.44, simulated inside HFSS as a homogenous 
solid to represent the 10% filled honeycomb additive 
manufactured ABS plastic, was determined to match the 
experimental results the best. 



A typical monopole has a realized gain of 2.1 dBi 360o 
around the z-axis peaking around ϴ = 45o in elevation due 
to the ground plane, instead of perpendicular (ϴ = 90o) 
like a dipole antenna. Figures 3 & 4 show the HFSS 
simulated realized gain radiation patterns of a 36.35mm 
monopole antenna surrounded by a 10% filled ABS 
plastic. These radiation patterns show that the energy 
peaks at ϴ = 45o instead of perpendicular to the monopole 
at ϴ = 90o. The realized gain at ϴ = 90o for this monopole 
is under -1 dBi for being well matched at 1.7 GHz. These 
figures are used later to compare to the capped monopole 
with CLLs. 
 

 
Figure 3. HFSS E-plane realized gain at 1.7 GHz (red) & 
2.2 GHz (blue) of monopole encased in εr = 1.44 at ϕ=0o 

 

 
Figure 4. HFSS realized gain at 1.7 GHz of monopole 
encased in εr = 1.44 

 
Figure 5 indicates the simulated return loss of the capped 
monopole in free space (blue circles) and the CLL-loaded 
monopole and encased in εr = 1.44 (red circles), as 
depicted in the HFSS model in Figure 1.  The CLL-loaded 
monopole shows best return loss at 1.7 GHz. The 
bandwidth has compressed and shifted down as expected 
due to the increase in εr from 1 to 1.44.  

 

 
 

Figure 5. HFSS return loss of the capped monopole and 
CLLs encased in εr = 1.0 (blue) & 1.44 (red). 

 
The HFSS realized gain patterns at 1.7 GHz of the capped 
monopole, CLL-loaded, and encased in εr = 1.44, are 
shown in Figure 6-8.  They display how different the 
patterns are from the monopole patterns in Figures 3-4. 
There is now a 3.2dBi beam in the elevation plane that is 
normal to the monopole with a significant front-to-back 
ratio, and the 3dB beamwidth is now only 90o as oppose 
to 360o. 
 
 
 
 

 
 

 
Figure 6. HFSS E-plane realized gain at 1.7 GHz of the 
capped CLL-loaded monopole, encased in εr = 1.44 at 
ϕ=0o 
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Figure 7. HFSS realized gain at 1.7 GHz of the capped 
CLL-loaded monopole, encased in εr = 1.44 

 

 
 

 

Figure 8. HFSS H-plane realized gain at 1.7 GHz of the 
capped CLL-loaded monopole, encased in εr = 1.44 

 
To show the effect of the plastic ABS casing of the 
metamaterial fins around the monopole, Figure 9 shows 
the HFSS-simulated boresight realized gain of the capped 
CLL-loaded monopole in free space (εr = 1.0), shown in 
blue.  The peak of the realized gain reaches around 3.8 
dBi at 2.05 GHz.  The same configuration with a 
dielectric constant of 1.44 (red) compresses and shifts the 
frequencies down as expected, with a maximum realized 
gain of 3.9 dBi at 1.80 GHz. 
 
 
4. Experimental Results 
 
In Figure 10, the measured (black) return loss of the 
capped CLL-loaded monopole, encased in ABS plastic 
resonates at 1.7 GHz, similar to the HFSS (red circles) 
return loss. Figure 11 shows that the measured and HFSS 
simulated boresight ϴ = 90o realized gain versus 
frequency of the capped CLL-loaded monopole align 
well.  These confirm the value of 1.44 for the dielectric 

constant of the ABS plastic with 10% filled honeycomb 
structure. 
 
 

 
 

Figure 9. HFSS boresight realized gain of the capped 
CLL-loaded monopole in free space (εr = 1.0), blue, and 
encased in εr =1.44, red, at ϕ=0o & ϴ=90o 

 
 
 

 
 

Figure 10. Measured return loss of the capped CLL-
loaded monopole compared with HFSS simulated return 
loss using εr =1.44 for the plastic encasing 

 

 
Figure 11. Measured realized gain at ϕ=0o & ϴ=90o of 
the capped CLL-loaded monopole compared with HFSS 
simulated gain using εr =1.44 for the plastic encasing  
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5. Conclusion 
 
The further investigation of the unique property of the 
multi-fin metamaterial CLL structure surrounding a 
dipole or a monopole presented in [1] was demonstrated 
in this paper with experimental verification.  The 
metamaterial loading is used to direct the beam of the 
monopole antenna in the azimuth plane and produce a 
sectoral directive beam, instead of the nominal omni-
directional pattern.  The experimental model was realized 
using 3D additive manufacturing.  The multi-fin 
metamaterial planes are inserted in grooves built into the 
ABS-plastic structure that contains 10% filled honeycomb 
arrangement. HFSS-simulated results, using an equivalent 
dielectric constant for the ABS/honeycomb combination 
were compared with measured results that match the 
antenna performance, as well as confirm the choice of the 
structure dielectric constant.  
 
The HFSS simulations were largely validated across the 
frequency band through the experimental results. A 
typical monopole in free-space has a realized gain of 2.1 
dBi, 360o around the z-axis, peaking around ϴ = 45o 
because of the ground plane. Adding a metallic cap on the 
top of the CLL-loaded monopole moved the peak of the 
sectoral, directive beam to the boresight direction of ϕ=0o 
and ϴ=90o with a realized gain of 3.8 dBi.  
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