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Abstract 
Electromagnetic Bandgap (EBG) structures are one class of metamaterial with attractive 

properties that unavailable in nature and widely used for improving the electromagnetic performance. Its 
In-phase reflection frequency band is indicated as operation frequency band, whose characteristic is 
closely related to the parameters of EBG structure, such as patch width (w), gap width (g), substrate height 
(h) and substrate permittivity (ε). The presence of via within EBG structure is associated with design and 
fabrication complexities, which led the researchers to study uniplanar EBG. These structures require no via 
and can easily be fabricated and integrated with RF and microwaves alication. Therefore, an investigation 
study on the effect of the parameters of the vialess EBG surface and some design guidelines have been 
obtained. An example of an antenna integrated with EBG is also studied. The result indicates that the EBG 
ground plane significantly improves the work efficiency of the antenna in a particular frequency band. 
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1. Introduction 

In the latest years, there has been a great deal of interest in the area of electromagnetic 
bandgap (EBG) engineering. EBG has been widely used for enhancing the electromagnetic 
performance [1-5] due to its capability to influence the propagation of electromagnetic waves to 
a level that was impractical before. Moreover, it can produce a wide variety of design 
alternatives for researchers working in the area of RF, microwave and photonics or as a part of 
them to improve their efficiency especially in antenna design which suffers from surface  
wave [6-8].  

A periodic arrangement of EBG structure consists of dielectric or metallic elements 
either in one, two, or three-dimensional manners which can be characterized by stop band and 
pass band. EBG have two important and interesting properties which can be used for these 
alications. The first property is to prevent the propagation of the electromagnetic fields within a 
bandgap. The second property of the EBG is as high surface impedance within a specifically 
limited frequency range which is generally called as in-phase reflection band. Reflection phase 
which in general can be defined as the phase of the reflected electric field which is normalized 
to the phase of the incident electric field at the reflecting surface. It can be identified as in-phase 
reflection or out-of-phase reflection. The EBG structures demonstrate a frequency dependent 
reflection phase is fluctuating between +180

o
 to −180

o
 compared to 0° for the perfect magnetic 

conductor (PMC), which does not exist in nature and 180
o
 for the perfect electric conductor 

(PEC) for a normally incident plane wave. The reflection phase can be categorized to two 
aropriate frequency regions. The first frequency region is corresponding to the quadratic-phase 
reflection coefficient (90

o
±45

o
), where the structure produces good return loss. The second 

frequency region is corresponding to the in-phase reflection coefficient (+90
o
 to −90

o
), where the 

EBG structure radiates in-phase rather than out of phase as in the PEC case, and it has zero 
degrees at the resonant frequency [9-13]. The used of vialess EBG helps to avoid  complexities, 
implementation and more suitable for thin substrate material which makes the fabrication  
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easier [1]. In this paper, the effects of the parameters of wearable vialess EBG are investigated 
and an example of EBG structure for wearable alications is discussed.  

 
  

2. EBG Unit Cell Design And Optimization 
The unit cell of EBG substrate is designed in two steps. The first step is using 

Sievenpiper’s equations [14] and second is using Computer Simulation Technology (CST) to 
optimize and verify the design structures. 

 
2.1  Sievenpiper’s Equations 

There is no exists precise formula that can express the impedance nature of an EBG 
except the following equations which called Sievenpiper equations:  

 
  μr μ0h                                                           (1) 
 

  
 (     )
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)                                         (2) 
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                                                               (3) 

 
where μ0 and  1 are the permeability and permittivity of free space respectively, meanwhile μr 
and  2 is the relative permeability and relative permittivity of the substrate, respectively. g is the 
gap width between adjacent cells; W is the patch width, and h is the thickness of the substrate. 

Since this paper focuses on wearable alication for body area network (BAN) at 2.4 GHz, 
a denim fabric is chosen as dielectric with relative permittivity of 2.3405 and thickness of 2.1 
mm. By using the dielectric properties and alied in Equation (1) the inductance has values of 
2.6389 n H. In order to calculate the width, W from Equation (2), the capacitance first needs to 
be found by rearranging Equation (3) which has value of          . Unfortunately, in Equation 
(2) there are still two unknown variables which are the width (w) and gap (g) and the only 
equation related between capacitance, patch width (W). Therefore, the gap is assumed to be 
2mm in order to find a reasonable solution of W which is 45.79 mm. 
 
2.2  Modeling in CST 

The calculated value from the Sievenpiper equations and the method Finite-difference 
frequency-domain (FDFD) is alied to analyze the EBG structure using CST with boundary 
condition of unit cell in x and y while PEC at Zmin and open Zmax as depicted in Figure.1. 
 
 

 
 

         Figure 1. Unit Cell EBG Surface 
 
 

Figure 2 shows the reflection phase of the EBG based on Sievenpiper equations. It is 
observed that the cross zero resonant frequency is at 1.867 GHz which is lower than the 
desired frequency. This is due to the simplicity of the equation. However, the result is close 
enough to be used as initial conditions for the CST optimizer. 

Since the desired frequency in this paper is 2.4 GHz, an optimization is used. In order to 
relate the optimization and Sievenpiper equations, the width parameter is selected for 
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optimization as shown in Figure 3.  It is seen that the desired frequency can be achieved when 
w=34.5 mm. The different percentage between Sievenpiper equations and optimization is 
calculated in Equation (4). The finalize dimension of the EBG unit cell is listed in Table 1 as 
reference value to perform the parametric study and to obtain guidelines that help the designer 
to consider before designing.  
 

⌈
          

*
          

 
+
⌉                                                         (4) 

 
 

 
 

Figure 2. Reflection Phase based on the 
calculation 

Figure 3. Reflection Phase based on the 
optimization 

 
 

Table 1. The Optimized Dimention of EBG Unit Cell 
 
 
 
 
 

 
 

3. Parametric Analysis of the Unit Cell of Ebg Structure 
Electromagnetic characteristics of an EBG structure are found by its physical 

dimensions. The unit cell of EBG structure shown in Figure 1 are affected by four main 
parameters namely, patch width (w), gap width (g), substrate height (h), and substrate 
permittivity ( ) as shown Figure 4. In this part, the effects of these parameters are studied one 
by one in order to obtain some guidelines for EBG surface designs. 

 
 

 
 

 

(a) Top view (b) Side view 
 

Figure 4.  EBG vialess structure (a) top view (b) side view 
 
 

3.1. Square Patch Width Effect (w) 
Patch width acts as an important role in controlling the frequency band. To investigate 

the effects of the unit cell of EBG patch width, other parameters are kept the same as in Table 1 
while the patch width is varied from 25 mm to 37 mm. Figure 5 shows the observed reflection 

Parameters                              Value(mm) 

                                                                               

w                                                        34.5 
g                                                           2  

h                                                           2.1 
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phases of a unit cell of EBG surfaces with varies patch widths. It is noticed that the resonant 
frequencies corresponding to 0o decrease when the patch width is increased. Moreover, the 
curve slope near the resonance becomes steep, which points to a narrow bandwidth 
corresponding to ±90

o 
[11]. This behavior can be explained using the lumped LC model. By 

referring to Equation (2) the increase in patch width leads to increase in capacitance which 
decreases the resonant frequency as in Equation (3) and therefore, the bandwidth becomes 
narrow.  
 
 

 
             Figure 5. Investigation on patch width effect on unit cell EBG reflection phase 

 
 

3.2. Gap Width Effect (g) 
The gap width determines the coupling effect of each EBG unit with the other neighbor 

cells. Therefore, the resonant frequency of the unit cell of EBG surface is also affected by 
varying the gap width. Through this study, the others parameters kept constant as in Table 1 
while the gap width is changed from 0.5 mm to 3 mm. Figure.6 shows the reflection phases of 
EBG surfaces with different gap widths. It is seen that as the gap width is increased, the 
resonant frequency of the in-phase reflection coefficient also increased. Meanwhile, the curve 
slope near the resonance frequency becomes flat, which shows a large bandwidth. Additionally, 
it is realized that the gap width of the EBG has an oosite effect on the patch width. This can be 
clarified by the lumped LC model where by increasing the gap width will decrease the 
capacitance value result, hence, increasing both the resonant frequency and the bandwidth. 

 
 

 
       

        Figure 6. Investigation on gap width effect on unit cell EBG reflection phase 
 
 

3.3. Substrate Height Effect (h) 
The influence of varying the substrate height h on the frequency band and its 

corresponding bandwidth of the unit cell of EBG structure is studied. The height of the unit cell 
of EBG above the ground plane is varied from 0.5 mm to 2.5 mm whereas the other parameters 
kept constant as maintained in Table 1. It is preferable in practical alications that the height of 
substrate of EBG surface is to be small compared to the wavelength. Figure 7 displays the 
reflection phase with different heights of the EBG surface substrate. It is observed that as the 
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height of the substrate increased, the resonant frequency decreases. This is similar to the effect 
of the patch width. Nevertheless, the curve slope of the reflection phase becomes flat which 
indicates an increasing in the bandwidth with the substrate height. This is similar to the effect of 
the gap width of the EBG surface. This can be described by the LC model. When the substrate 
height is increased causes the equivalent inductance, L to increases while the capacitance 
remains unchanged. Hence, the resonant frequency shifts to low but the bandwidth increases. 
From a designer viewpoint, adjusting the substrate height has a special advantage in 
decreasing the resonant frequency whereas increasing the bandwidth. 

 
 

 
 

Figure 7. Investigation on substrate height effect on unit cell EBG reflection phase 
 
 

3.4. Substrate Permittivity Effect (ɛ) 
Substrate permittivity is another effective parameter used to determine the resonant 

frequency. Since this paper focus only on wearable alications, commonly substrate fabric 
materials such as felt, jeans, denim, and PDMS are used to study. The unit cell of EBG 
structure investigated here has the same parameters as in Table 1 except that the permittivity is 
varied. The reflection phases of a unit cell of EBG surfaces with several permittivities are shown 
in Figure 8. It is observed that the higher the relative permittivity of a unit cell of the EBG 
substrate the lower is the resonant frequency so does the bandwidth. Therefore, to reduce the 
size of the unit cell of EBG surface high dielectric constant substrate is used but the price will 
pay the narrow bandwidth. 

 
 

 
 

Figure 8. Investigation on substrate permittivity effect on unit cell EBG reflection  phase 
 
 

It can be concluded that each parameter contribute its owe useful with trade off. For 
example, to reduce the size of the unit cell of EBG a high dielectric constant substrate is used 
but the price will pay the narrow bandwidth. On the other hand, to get wider bandwidth either the 
gap or the height need to be increase and will result in high profile or large dimension. Therefore 
the designer will have a view of the effects of each parameters that will help him to design base 
on the demand of his alication.    
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4. Alication of the Ebg Structure for Low Profile Antenna 
It is preferable in wireless communications to have low profile antennas which typically 

refers to the antenna structure whose overall height is less than one tenth of the wavelength at 
the working frequency. To avoid destructive interference between the radiated wave and the 
reflected wave from the reflecting surface, the antenna must be placed at a distance of quarter 
wavelength (λ0/4) when a Perfect Electric Conductor (PEC) ground plane is used as a reflector 
as shown in Figure 9(a). To reduce the height of the antenna, an EBG surface is used; 
therefore, the antenna can be placed very close to the EBG without worrying about the reflected 
waves causing destructive interference and maintain low profile design as shown in  
Figure 9(b) [14-17]. 

The antenna is placed upon an ordinary metal ground plane. The overall size of 
antenna is 40 x 20 x 0.7 mm3 and the distance between the antenna and the ground plane is 
3.1 mm. The same antenna is placed over an EBG structure with 3 x 3 units and the same 
dimension in Table 1. The overall heights of two cases are the same, so the distance between 
the antenna and the EBG uer surface is 1mm. The input impedance is matched to a 50Ω 
transmission line. 
 
 

 
                                                      (a)                                                       (b) 

 
Figure 9. (a) The microsrip antenna with traditional metal ground plane.(b) The microsrip 

antenna with EBG ground planes 
 
 
Figure 10 shows the reflection coefficient of the antennas, evaluated by S11 

parameters. It is observed that when the antenna is place over EBG ground plane, it  has better 
reflection loss compared to the PEC ground plane. This is due to the image current on the PEC 
which is in a reverse direction to the antenna current. This result a destructive effects that 
impedes the efficiency of the radiation of the antenna. Besides that, EBG has an image current 
in-phase rather than out of phase with the antenna current result in constructive effect and can 
be varies from ±180° which successfully serves as the ground plane of the antenna with low 
profile, low return loss and high radiation efficiency. 
 
 

 
 

Figure 10. The reflection coeeficient, S11 of the antenna antennas with EBG and PEC as  
ground plane 

 
 
Figure 11 shows the radiation pattern of the antenna of the twocases. It is observed that 

when the antenna is placed over EBG, a higher front to back ratio and very low back lobe 
compared to other cases. Besides that, a higher gain of 9.1 dBi is noticed when the antenna is 
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place over EBG compared to the antenna without EBG and antenna with PEC. This is due to 
that the EBG surface is capable of providing a constructive image current within a certain 
frequency band. This current will add with original current of the antenna. The combinations of 
these current resulting in improve the front to back ratio as well the gain besides that EBG has 
the ability to suress surface wave. 

 
 

 
                                                    (a)                                              (b) 

Figure 11. Radiation patterns of the antenna (a) with PEC (b) with EBG 
 
 

5. Conclusion 
A comprehensive investigation on the effect of the parametric study on the vialess EBG 

such as patch width (w), gap width (g), substrate height and substrate permittivity of the EBG 
operating frequency band, with some guidelines for an EBG surface. In addition, the antenna is 
studied with different ground places: ordinary metal and EBG surface. The results show that the 
EBG greatly improve the antenna performance such as front to back radiation and gain 
compares to ordinary metal. Therefore, the EBG structure has a good alication as ground, and it 
is valuable to do a parametric study on EBG design. 
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