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ABSTRACT 

Many low-profile, broadband antennas that operate in the relatively low 

frequency ranges desired for certain mobile RADAR and electronic warfare (EW) 

applications radiate bi-directionally. Thus, a low-profile, ultrawideband ground plane is 

clearly necessary to back these antennas and provide for enhanced performance. To 

achieve the desired performance with mioimallimitations, it is logical to lean towards a 

hybrid design that implements a combination of ground plane options. With a hybrid 

approach ultrawideband operation can be achieved in a low-profile package. 

This dissertation presents the design and analysis of a low-profile, ultrawideband 

hybrid EBG/ferrite structure. The hybrid structure consists of an EBG structure 

implemented with a slab of ferrite absorber resting on the backing of the structure. 

Reflectivity and phase simulation analyses indicate that the hybrid structure offers 

ultrawideband operation beginning in the hundreds of megahertz, achieving an 

operational bandwidth exceeding 40: 1 starting at 120 MHz. Simulation analyses of the 

hybrid structure implemented with Raytheon's ultrawideband long slot array antenna 

further validate the performance of the hybrid structure. An equivalent circuit model of 

the hybrid structure was developed to provide a more in-depth understanding of the 

operation of the structure in regards to its dimensions and material properties. It is shown 

that unlike the circuit models for traditional EBG structures, the circuit model developed 

for the hybrid structure contains a resistance representing the permeability losses due to 

the ferrite. Additionally, it is shown that the inductive and resistive circuit components 

are frequency dependent and depend on the frequency dependent characteristics of the 

ferrite. A transverse electromagnetic (TEM) cell was designed and fabricated to 

v 



experimentally analyze the performance of the hybrid structure. Presented experimental 

results of the reflectivity and phase analyses show good correlation with the simulated 

results. Experimental analyses of the surface-wave suppression capabilities of the hybrid 

structure indicate suppression of at least 20dB across the band and suppression exceeding 

60dB in the "EBG structure" region of operation compared to an electric conductor. 

Thus, the implementation of the hybrid EBG/ferrite structure as a ground plane will allow 

for the practical and effective implementation of new ultrawideband antenna systems. 
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~Rl: bITRODUCTION 

With the technological advancements oftoday's society there is a consistent trend 

of technologies becoming more compact. This is especially true in the area of antenna 

design and development. As modern technological systems increasingly swing towards 

the direction of wireless operation while also becoming increasingly more advanced and 

more compact, space for antenna placement is a commodity of ever increasing value. 

Therefore, the design and development of compact antenna systems is becoming 

evermore critical. 

The need for compact antenna systems is clearly evident for mobile RADAR and 

electronic warfare (EW) applications that are employed for surveillance and 

reconnaissance purposes. These RADAR and EW applications require low-profile 

antenna systems to allow the systems to fit compactly in the vehicle, ship, or aircraft. 

Additionally, for these applications it is critical that the antenna systems also provide 

ultrawideband operation with uni-directional radiation characteristics. For some of these 

applications, such as airborne foliage penetrating RADAR, the design constraints become 

even more demanding. For these increasingly demanding applications, the antenna 

systems not only need to be low-profile while providing ultrawideband operation with 

uni-directional radiation, they also need to operate at relatively lower frequency ranges 

that begin in the hundreds of megahertz. 

Many of the low-profile, broadband antennas that can operate in the desired 

relatively low frequency ranges, such as Raytheon's long slot array antenna [1]-[3], 

radiate in a bi-directional manner [4]-[7]. Thus, a conformal, low-profile, ultrawideband 

ground plane is clearly necessary to back these antennas and provide for enhanced 
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performance while meeting the design specifications. Currently, a wide variety of ground 

plane options exist. These include electric conductor ground planes, electric conductor 

ground planes with absorbing materials, and artificial magnetic conductor (AMC) ground 

planes. However, as will be seen, each of the current ground plane options possesses 

limitations that restrict their performance and inhibit their implementation with low

profile, ultrawideband antennas. To achieve the desired performance with minimal 

limitations, it is logical to lean towards a hybrid design that implements a combination of 

more than one ground plane option. With a hybrid approach ultrawideband operation can 

be achieved in a conformal, low-profile package. 

1.1: Electric Conductor Ground Planes 

Electric conductor ground planes are the traditional choice for ground plane 

implementation as they are the simplest choice of the ground plane options. They can be 

realized with a flat metal sheet and are widely used today in many antenna applications. 

Electric conductor ground planes perform as an ideal reflector to produce uni -directional 

radiation. However, the implementation of electric conductor ground planes does come 

with a cost. 

The tangential electric fields at the surface of a good electric conductor are forced 

to be zero. This is because of the continuity of the tangential electric fields across the 

boundary between two materials and the fact that good electric conductors do not 

facilitate internal electric fields. To derive this boundary condition that must be satisfied 

at the surface of the electric conductor, Faraday's law in integral form can be used which 

relates the electric field intensity (E) and the magnetic flux density (B) as shown in 

Equation 1.1.1. 
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(1.1.1) 

If the electric field is integrated around the contour C, shown in Figure 1.1.1, and the 

result is equated to the negative time rate of change of the magnetic flux, as described in 

Faraday's law, crossing the area S enclosed by C and the negligible contribution from oh 

to the line integral is ignored then Equation 1.1.2 is obtained. 

Figure 1.1.1: Coutour for the derivation of the tangential electric field boundary condition at the 
surface of an electric conductor 

d 
E N- E I'll = --(B' NOh) 

12 It dt (1.1.2) 

Because the area of interest is the surface of the boundary, the limiting case of Equation 

1.1.2 as oh approaches zero is analyzed. From this analysis it can be seen that, as the 

area, Noh, approaches zero, the magnetic flux crossing through the enclosed area goes to 

zero. Therefore, Equation 1.1.2 can be reduced to Equation 1.1.3 and, since it is known 

that electric fields are forbidden within a good conductor, Equation 1.1.3 can be further 

reduced to Equation 1.1.4. 

(1.1.3) 

nxE=O (1.1.4) 

Therefore, it is shown that the tangential electric fields at the surface of an electric 

conductor are forced to be zero. However, tangential magnetic fields at the surface of an 

electric conductor can exist even though magnetic fields are forbidden within an electric 
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conductor. Magnetic fields are forbidden within an electric conductor because tirne-

varying magnetic fields and electric fields are linked. The tangential magnetic fields at 

the surface of an electric conductor are related to the surface-current density (Js) as 

described by the boundary condition for the tangential magnetic fields. Thus, electric 

conductors must support surface-currents to satisfy the boundary conditious. The 

boundary condition that must be satisfied at the surface of an electric conductor for the 

tangential magnetic fields can be derived using Ampere's law in integral form which 

relates the magnetic field intensity (ll), the current density (.I), and the electric flux 

density (D) as shown in Equation 1.1.5. 

(1.1.5) 

Similar to the tangential electric field case, if the magnetic field is integrated around the 

contour C, shown in Figure 1.1.2, and the result is equated to the current, as described in 

Ampere's law, crossing the areaS enclosed by C and the negligible contribution from oh 

to the line integral is ignored then Equation 1.1.6 is obtained. 

~ !-�E-.... ,.f----!~I 
Ai 

Figure 1.1.2: Contour for the derivation oftbe tangential magnetic field boundary condition at tbe 
surface of an electric conductor 

(1.1.6) 

Again, because the area of interest is the surface of the boundary, the limiting case of 

Equation 1.1.6 as oh approaches zero is analyzed. From this analysis it can be seen that, 
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as the area, !:J6h, approaches zero, the electric flux crossing through the enclosed area 

goes to zero and the current crossing the area will go to zero except for the case of the 

surface current. Therefore, Equation 1.1.6 can be reduced to Equation 1.1.7 and, since it 

is known that magnetic fields are forbidden within in a good conductor, Equation 1.1.7 

can be further reduced to Equation 1.1.8. 

H,t -H'2 =Js 

nxH=Js 

(1.1.7) 

(1.1.8) 

Therefore, it is shown that the tangential magnetic fields at the surface of an electric 

conductor are not forced to be zero. 

A simple way to explain the concept of satisfying these boundary conditions is 

with image theory. An electric conductor reflects the tangential electric fields similar to 

the way a mirror reflects an image. Similar to a mirror image, the tangential electric field 

images created by an electric conductor are the opposite of the original tangential electric 

fields as shown in Figure 1.1.3. Therefore, it can be seen that as the original tangential 

electric fields approach the surface of the electric conductor from the forward direction, 

the tangential electric field images approach the surface of the electric conductor from the 

backward direction. As the original tangential electric fields and the tangential electric 

field images approach the surface of the electric conductor they cancel each other 

producing zero tangential electric fields at the surface of the electric conductor, thus, 

satisfying the previously described boundary conditions [8]-[10]. Therefore, if an 

antenna is broUght too close to the electric conductor ground plane, the reverse image 

currents produced by the ground plane will destructively interfere with the antenna 

currents and result in poor radiation efficiency. As Figure 1.1.4 depicts, when an antenna 
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Figure 1.1.3: Image theory for tangential electric fields at the surface of an electric conduetor 

is brought too close to the electric conductor ground plane destructive interference occurs 

between the reflected radiation and the forward radiation and the ground plane effectively 

short circuits the antenna resulting in restricted radiation. To effectively take advantage 

Destructive Interference 

it i 
~ I ~ / Antenna 
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Figure 1.1.4: Destructive interference experienced when an antenna is bruught too close to an 
electric conductor 

of the reverse image produced by the electric conductor ground plane and provide 

constructive interference with the forward antenna radiation creating the possibility of a 

3dB improvement in the forward antenna gain while also shielding anything that is 

behind the ground plane, the ground plane must be spaced at a distance of a quarter of a 

wavelength from the antenna. The backward antenna radiation will travel the distance of 

a quarter of a wavelength or 90° and then will encounter a 180° phase offset introduced 

by the electric conductor ground plane and will finally travel another 90° resulting in a 
6 



total phase offset of 0°, thus, providing constructive interference with the forward 

antenna radiation (a rendering of this concept is shown in Figure 1.1.5). This spacing 

Constructive Interference 

it ~ 
~ I ~ / Antenna 

r---~*--

N4 90' 90' 

P22222222zzjlZZZZZZ2ZZZJr;zt'?;ZZZ2222Z222222! 
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Figure 1.1.5: Constructive interference experienced when an antenna Is spaced at a quarter of a 
wavelength from an electric conductor 

requirement entails two distinct limitations that include profile reduction and operational 

bandwidth. The lower limit of the system profile is a quarter of a wavelength (mid-band) 

and because this limit is frequency dependent there is a limited frequency range where 

efficient radiation will occur. Furthermore, electric conductor ground planes support 

propagating surface-currents or surface-waves. As was described earlier, to satisfy the 

boundary conditions at the surface of an electric conductor, the tangential electric fields 

at the surface are forced to zero, however, the tangential magnetic fields at the surface are 

not zero and are related to the surface-current density. Therefore, it can be seen that 

electric conductors do support the propagation of surface-currents or surface-waves. 

When these surface-waves encounter bends, discontinuities, or surface texture they can 

be scattered and radiate. For the ideal case, an infinitely large electric conductor ground 

plane, the effect of these surface-waves would only be a slight reduction in radiation 

efficiency. However, in reality the electric conductor ground plane is finite in size. 

Therefore, as the surface-waves propagate and encounter an edge, comer, surface texture, 
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or other transition they will tend to radiate. 1bis radiation can cause multipath 

interference or speckle which can be seen as ripples in the radiation pattern. 

Furthermore, if multiple antennas share the same ground plane as in an array, the surface-

waves can cause undesirable mutual coupling. 

1.2: Electric Conductor Ground Planes with Absorbing Materials 

To reduce the undesirable effects of implementing an electric conductor ground 

plane while also providing for uni-directional radiation, absorbing materials are 

sometimes implemented with ground planes. Absorbing material absorbs the backward 

antenna radiation, thus, eliminating or drastically reducing any reflected radiation. 

Therefore, the antenna can be placed much closer to the ground plane without 

experiencing destructive interference which results in less than desirable radiation 

quality. The absorber implemented can work in a variety of ways. One method is to 

utilize the Ohmic loss characteristics or the conductive characteristics of Carbon as seen 

in polyethylene foam pyramidal electromagnetic absorber (Figure 1.2.1). 1bis method 

can be explained by looking at the material properties of the polyethylene foam absorber 

as shown in Table 1.2.1, specifically the complex electric permittivity which is described 

in Equatious 1.2.1 and 1.2.2 where /I' and 8" are the real and imaginary components of the 

complex electric permittivity, 0" is the conductivity, and co is the frequency. 

e' =e' - jeW 

• I • CT 
e =e -J

m 

(1.2.1) 

(1.2.2) 

It can be seen through examination of the complex electric permittivity of the 

polyethylene foam absorber that there is an imaginary component and from Equation 
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Figure 1.2.1: Polyelhylene foam pyramidal eleclromagnelic abso rber 

Frequency e/ e/' 
50 MHz 23 .97 - 32.42 
100 MHz 12.63 - 20.88 
500 MHz 3.32 -6.90 

I GHz 1.52 - 1.55 
Table 1.2. 1: Malenal properloes of polyelhylene foa m pyramIdal eleclroma gnelic absorber 

1.2.2 it can be seen that there is a finite conductivity associated with the polyethylene 

foam absorber. This finite conductivity comes from impregnating the polyethylene foam 

with conductive Carbon. There is a resistance present and, hence, Ohmic losses are 

present because the polyethylene foam absorber is not a perfect conductor. Another 

method of electromagnetic absorption is to utili ze the magnetic resonance loss 

characteristics of ferrite as seen in ferr ite tile electromagnetic absorber (Figure 1.2.2). As 

with the polyethylene foam absorber, thi s method can be explained by looking at the 

material properties of the ferrite absorber as shown in Table 1.2.2. However, the 

complex magnetic penneabil ity, shown in Equation 1.2.3 where p' and pH are the real and 

imaginary components of the complex magnetic permeability, is the focus. 

(1.2.3) 
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Figure 1.2.2: Ferrite tile electromagnetic abso rber 

Frequency c/ 8/' #r' #r" 
100 MHz 10.92 --{).02 15.96 --{j6.32 
500 M Hz 10.95 --{).03 0.2 1 - 14.73 

I GHz 10.73 --{).07 0.5 1 - 7.30 
2 GHz 10.73 - 0.15 0.47 - 3.24 

Table 1.2.2: Matenal properlles of fernte IIle electromagnetIc absorber 

It can be seen through examination of the complex magnetic permeability of the ferrite 

absorber that there is an imaginary component of the complex magnetic permeabili ty. 

The real component or Jl' is associated with the storage of energy while the imaginary 

component or Jl " is assoc iated with the dissipation of energy. Therefore, it can be seen 

that there are losses associated with the relati vely high Jl " of the ferrite absorber. The 

implementation of absorbing material comes at the cost of energy loss. This is because 

nearl y half of the power rad iated from the antenna is di ss ipated in the absorbing material. 

More importantly, however, the frequencies where the absorbing materials offer the 

necessary material properties requ ired for energy dissipation is limited to a fi nite range. 

Therefore, the bandwidth where absorbing material performs optimally is limited and 

often occurs at lower frequencies. 
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1.3: Artificial Magnetic Conductor (AMC) Ground Planes 

A current widely researched area is related to the design and optimization of 

metamaterials. Metamaterials are being implemented in a wide variety of applications in 

the field of electromagnetics, however, the scope of this paper deals with the specific 

application of using metarnaterials to emulate a magnetic conductor or perform as an 

artificial magnetic conductor (AMC). Magnetic conductors do not exist in nature, but the 

properties of the theoretical concept of magnetic conductors offer enticing benefits in the 

area of antenna design. Therefore, the design of AMes are extremely important. 

The theoretical properties of a magnetic conductor that make the concept very 

enticing for antenna designs can be explained through boundary conditions. The concept 

of a magnetic conduction current must be introduced to describe the boundary conditions 

at the surface of a magnetic conductor. This, however, is a purely mathematical concept 

necessary to describe the boundary conditions at the surface of a magnetic conductor and 

has no physical significance. The boundary condition for tangential electric fields at the 

surface of a magnetic conductor can be derived by again looking at Faraday's Law in 

integral form with the addition of the mathematical concept of a magnetic conduction 

current density (M) as shown in Equation 1.3.1. 

(1.3.1) 

If the electric field is integrated around the contour C, shown in Figure 1.3.1, and the 

result is equated to the sum of the negative magnetic conduction current and the negative 

time rate of change of the magnetic flux, as described in Faraday's law, crossing the area 
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S enclosed by C and the negligible contribution from Jh to the line integral is ignored 

then Equation 1.3.2 is obtained. 

Figure 1.3.1: Contour for the derivation of the tangential electric field boundary condition at tbe 
surface of a magnetic conductor 

Because the area of interest is the surface of the boundary, the limiting case of Equation 

1.3.2 as Jh approaches zero is analyzed. From this analysis it can be seen that, as the 

area, /'JJh, approaches zero, the magnetic flux crossing through the enclosed area goes to 

zero and the magnetic current crossing the area goes to zero except for the case of the 

magnetic surface current. Therefore, Equation 1.3.2 can be reduced to Equation 1.3.3 

and, since it is known that magnetic fields are forbidden within in a magnetic conductor 

and time-varying magnetic fields and electric fields are linked, Equation 1.3.3 can be 

further reduced to Equation 1.3.4. 

(1.3.3) 

nxE=-Ms (1.3.4) 

Therefore, it is shown that the tangential electric fields at the surface of a magnetic 

conductor are not forced to be zero as was the case with an electric conductor. The 

boundary condition that must be satisfied at the surface of a magnetic conductor for the 

tangential magnetic fields can be derived using Ampere's law in integral form which is 

given by Equation 1.3.5. 
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(1.3.5) 

If the magnetic field is integrated around the contour C, shown in Figure 1.3 .2, and the 

result is equated to the current, as described in Ampere's law, crossing the area S 

enclosed by C and the negligible contribution from oh to the line integral is ignored then 

Equation 1.3.6 is obtained. 

• n ~ C 

~~ : toil : I 
IE !!J ·1 

Figure 1.3.2: Contour for the derivation oftbe tangential magnetic field boundary condition at the 
surface of a magnetic conductor 

(1.3.6) 

Because the area of interest is the surface of the boundary, the limiting case of Equation 

1.3.6 as oh approaches zero is analyzed. From this analysis it can be seen that, as the 

area, Moh, approaches zero, the electric flux crossing through the area goes to zero and 

the current crossing the area will go to zero. Therefore, Equation 1.3.6 can be reduced to 

Equation 1.3.7 and, since it is known that magnetic fields are forbidden within in a 

magnetic conductor, Equation 1.3.7 can be further reduced to Equation 1.3.8. 

(1.3.7) 

nxH=O (1.3.8) 

Therefore, it is shown that the tangential magnetic fields at the surface of a magnetic 

conductor are forced to be zero. 
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We can once again describe the concept of satisfying these boundary conditions 

with image theory. Unlike a mirror image, the tangential electric field images created by 

a magnetic conductor are equal to the original tangential electric fields as shown in 

Figure 1.3.3. Therefore, it can be seen that as the original tangential electric fields 

--rj----+-) --/Source 

h 

f 
~ Magnetic Conductor 

h 

! 
'-Image 

Figure 1.3.3: Image theory for tangential eleetric fields at the surface of a magnetic conductor 

approach the surface of the magnetic conductor from the forward direction, the tangential 

electric field images approach the surface of the magnetic conductor from the backward 

direction. As the original tangential electric fields and the tangential electric field images 

approach the surface of the magnetic conductor they add to each other producing 

tangential electric fields at the surface of the magnetic conductor. The interaction of the 

original tangential electric and magnetic fields and the tangential electric and magnetic 

field images satisfy the previously described boundary conditions [8]-[10]. Therefore, if 

an antenna is brought very close to the magnetic conductor ground plane, the forward 

image currents produced by the ground plane will constructively interfere with the 

antenna currents and result in enhanced radiation efficiency as shown in Figure 1.3.4. 

The possibility of a 3dB improvement in the forward antenna gain while also shielding 
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Figure 1.3.4: Constructive interference experienced when an antenna is brought very close to a 
magnetic couduetor 

anything that is behind the ground plane can be achieved by placing the ground plane 

very close to the antenna, thus, providing an optimally performing low-profile antenna 

system. Another characteristic of magnetic conductors that makes them desirable for 

antenna applications is that magnetic conductors do not support the propagation of 

surface-currents or surface-waves. It was shown that the tangential magnetic fields at the 

surface of a magnetic conductor are forced to be zero as described by the boundary 

condition for the tangential magnetic fields. Therefore, to satisfy the boundary 

conditions, magnetic conductors cannot support surface-currents or surface-waves. 

Therefore, there will be no surface-waves to radiate, thus, eliminating speckle which can 

occur with an electric conductor ground plane. Furthermore, multiple antennas can share 

the same ground plane without the threat of undesirable mutual coupling. Thns, it would 

be optimal to implement a magnetic conductor ground plane for low-profile, uni-

directional radiating antenna applications. However, as was mentioned previously 

magnetic conductors do not exist in nature, but they can be emulated through the design 

of metarnaterials. 

Metamaterials can be broken down into two broad categories: double-negative 

(DNG) metarnaterials and electromagnetic band-gap (EBG) metarnaterials. DNG 
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metamaterials include split ring resonators (SRR) with thin wires which fall into the sub-

category of 3-D volumetric ONG metamaterials and L-C loaded grids which fall into the 

sub-category of 2-D planar negative-index structures. BBG metamaterials include 

woodpile BBG structures which fall into the sub-category of3-0 volumetric BBG media 

and mushroom type BBG structures which fall into the sub-category of 2-D planar BBG 

structures [11]. These are only a few examples of the various types ofmetamaterials. 

Because of their ubiquitous application as AMCs as well as their straight forward design 

and fabrication characteristics, the mushroom type BBG structures will be the 

metamaterial of interest throughout this paper. 

Contrary to electric conductors which have a very low surface impedance, 

mushroom type BBG structures work by creating a high impedance surface. A low 

surface impedance gives the electric conductors the undesirable characteristics previously 

explained. The concept of creating a high impedance surface for realizing the 

characteristics of a magnetic conductor (the theoretical concept of a magnetic conductor 

is characterized by its high surface impedance) can be explained by Ohm's law, Equation 

1.3.9, which relates the impedance (Z), the electric field intensity (E), and the magnetic 

field intensity (If). 

Z 
_ Ex 

s-
Hy 

(1.3.9) 

For an electric conductor, it has been shown that there cannot be any tangential electric 

fields at the surface, therefore, Ex must be zero and Zs is zero. Additionally, it is known 

that there cannot be any tangential magnetic fields at the surface of a magnetic conductor, 

therefore, Hy must be zero and Zs blows up to infinity giving a high impedance surface. 
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Therefore, the characteristics of a magnetic conductor can be emulated if a high 

impedance surface can be created. The mushroom type EBG structure is the evolution of 

two types of textured surfaces: bumpy surfaces and corrugated surfaces which can be 

seen in Figure 1.3.5 [12]. When the periodicity of these textured surfaces is very small 

. . . . - - . . . . -
(a) 

111111111111111111111 
(b) 

-r-r-r-r-r-r=r=r-r-r-r 
(c) 

Figure 1.3.5: (a) Bumpy surface, (b) corrugated surface, aod (c) mushroom type EBG structure 

compared to the wavelength of the surface-waves, they can be described by an equivalent 

circuit model from which their surface impedance can be calculated. This surface 

impedance can be used to predict many of the electromagnetic characteristics of the 

surface. 

When the wavelength of the surface-waves is much larger than the period of the 

bumps on a bumpy surface, the waves are unaffected by the bumps. As the wavelengths 

of the surface-waves decrease, the bumps begin to have a more distinct effect on the 

surface-waves. The Brillouin zone of the two dimensionally arrayed bumpy surface is 

equal to a period of the bumps on the surface. Two modes with slightly different 

frequencies occur when one half of a wavelength of the surface-waves fits within the 

Brillouin zone of the bumpy surface. One mode occurs when the nulls of a standing 

wave on the bumpy surface are centered on the bumps while the second mode occurs 

when the nulls of a standing wave on the bumpy surface are centered between the bumps. 

17 



Surface-waves with frequencies that fall in the range located between these two modes do 

not propagate, thus, a small electromagnetic band-gap is created. The size of this 

electromagnetic band-gap is proportional to the height and width of the bumps on the 

textured surface. If the bumps of the textured surface are elongated and the tops stretched 

towards one another, the form of the mushroom type EBG structure is seen. The 

capacitances created between the bumps begin to increase as the tops of the bumps are 

stretched towards one another. Additionally, inductances are created by currents circling 

the paths created between the elongated bumps. These increased capacitances and 

inductances created by the formation of the mushroom type EBG structure facilitate a 

wider electromagnetic band-gap than that seen with the bumpy surface. 

A corrugated surface is created by cutting a series of vertical slots from a thick 

metal slab. The widths of these slots are much smaller than a wavelength and are usually 

a quarter of a wavelength deep. Each slot can be represented by a parallel plate 

transmission line that is shorted at the end (the bottom of the slot). The short at the 

bottom of the slot is seen as an open circuit from the top of the slot when the depth of the 

slot is a quarter of a wavelength. Thus, a high impedance is effectively created at the 

surface of the corrugated structure. If the corrugated surface is designed such that many 

slots fit within a wavelength, the impedance of the surface is equal to the impedance of a 

slot and can be calculated from Equation 1.3.10 where 1'/ is the intrinsic impedance as 

described in Equation 1.3.11 where fi and f.l are the electric permittivity and magnetic 

permeability of the slot, k is the wave vector as described in Equation 1.3.12 where (0 is 

the frequency, and d is the depth of the slot. 

(1.3.10) 
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(1.3.11) 

(1.3.12) 

As with the bumpy surface, if the slots are altered and folded, the mushroom type EBG 

structure can be formed. The creation of the mushroom type EBG structure allows for a 

reduction in profile over the corrugated surface as well as an increased electromagnetic 

band-gap. 

It is logical to see that the mushroom type EBG structure would have properties 

similar to the bumpy and corrugated surfaces because the mushroom type EBG structure 

can be seen as an evolution of these surfaces. Over a certain frequency band, the 

structure has a high surface impedance and emulates the desirable properties of a 

magnetic conductor which include positive image currents indicating that radiation is 

reflected with little or no phase shift, thus, contributing constructive interference to 

forward traveling radiation and surface-wave propagation is suppressed, thus, reducing 

multipath interference created by the radiation of propagating surface-waves. As shown 

in Figure 1.3.6, an antenna can be placed much closer than a wavelength above a 

mushroom type EBG structure without introducing destructive interference, allowing the 

antenna to operate with enhanced performance. Additionally, as was previously 

mentioned, the mushroom type EBG structure offers a wider band-gap than a bumpy 

surface and a lower profile as well as a wider band-gap than a corrugated surface. As 

was mentioned, if the elements (the "mushrooms'') of a mushroom type EBG structure 

are small compared to a wavelength, the structure can be described by an equivalent 

circuit model from which the surface impedance can be calculated. This surface 
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Figure 1.3.6: Co nstructive interference experienced when an antenna is brought very close to the 
mushroom type EBG st ructure 

impedance can be used to predict many of the electromagnetic characteristics of the 

surface. The equivalent circuit model of the mushroom type EBG structure, shown in 

Figure 1.3 .7, consists of capacitances created by the existence of voltage potentials 

between the patches on the surface of the mushroom type EBG structure in parallel with 

inductances created by currents traveling the path of the surface patches, the vias, and the 

EBG structure ground plane [12]. Hence, a parallel LC circuit is created which will 

c 
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Figure 1.3.7: Equivalent circuit model of the mushroom type EBG st ructure 

exhi bit a high impedance in a small band surrounding its resonant frequency. The 

bandwidth where the mushroom type EBG structure, as well as many other AMC 

designs, can emulate a magnetic conductor is limited because the high impedance 

characteristics are evident in a small frequency band around a resonance. 
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1.4: Hybrid EBGlFerrite Structure 

As previously described, each of the aforementioned ground plane options has 

limitations that inhibit their optimal implementation in low-profile, ultrawideband 

antenna applications. Therefore, to achieve desirable performance with minimal 

limitations, the idea of a hybrid design is proposed that implements the combination of 

more than one ground plane option. By implementing the mushroom type EBG structure 

with ferrite absorber into a hybrid structure design, the ever desirable ultrawideband 

operation in a conformal, low-profile package is achieved. The use of this hybrid 

structure will allow for the practical and effective implementation of new ultrawideband 

phased array antennas such as the one recently developed at Raytheon [1 ]-[3] for low

band airborne RADAR and EW systems that require uni-directional radiating, conformal, 

low-profile, ultrawideband phased array antenna systems for surveillance and 

reconnaissance purposes. 

The hybrid EBG/ferrite structure design incorporates the implementation offerrite 

absorber and the mushroom type EBG structure. The hybrid design consists of a 

mushroom type EBG structure with a slab of ferrite absorber resting on the ground plane 

of the EBG structure. A small portion of the ferrite slab is removed around each of the 

vias of the EBG structure to allow the structure to behave as desired. A single unit cell of 

the hybrid structure is shown in Figure 1.4.1. As was described previously, each of the 

individual components of the hybrid structure, the mushroom type EBG structure and the 

ferrite absorber, when used alone has certain limitations when implemented as an antenna 

ground plane. The ferrite absorber has an effective operation band limited to the 

hundreds of megahertz while the mushroom type EBG structure is a resonant structure 
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Figure 1.4.1: Unit cell of the hybrid EBG/ferrite structure 

with operation restricted to a limited bandwidth. The hybrid structure provides the 

desired performance characteristics with minimal limitations over an ultrawideband by 

using the ferrite absorber component of the design to absorb the antennas backward 

radiation in the lower frequency band while the EBG structure component of the design is 

used to provide a desirable phase for the radiation that is reflected off of the ground plane 

in the frequency band above the operational region of the ferrite absorber. As a result, 

uni-directional radiation is obtained without performance degradation over a bandwidth 

that is larger than what is provided by either the ferrite absorber or the EBG structure 

alone. 

As with the bumpy sllrface, the corrugated surface, and the mushroom type EBG 

structure, the surface impedance of the hybrid structure can be used to predict the 

electromagnetic characteristics of the hybrid surface. Similarly to the mushroom type 

EBG structure, the hybrid structure can be represented by an equivalent circuit model 

containing circuit elements such as resi stors, inductors, and capacitors from which the 

surface impedance of the structure can be calculated. As with the mushroom type EBG 
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structure, there are capacitances associated with the voltage potentials existing between 

the patches on the surface of the structure. These capacitances are in parallel with 

inductances created by currents traveling the paths through the surface patches, the vias, 

and the EBG structure ground plane. The add ition of resistances in series with the 

inductances is necessary to represent the lossy characteri stics created by the inclusion of 

the ferrite absorber. The equivalent circuit model for the hybrid structure is shown in 

Figure 1.4.2. 

c 
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Figure 1.4.2: Equivalent circuit model of the hybrid ESG/ferrite structure 

23 



CHAPTER 2: MUSHROOM EBG STRUCTURE BACKGROUND AND ANALYSES 

The selection of a ground plane to implement with bi-directional radiating 

antennas for low-profile, uni-directional radiating systems is a critical step in the design 

of an optimal system. Image theory, as previously described, is a helpful tool for 

explaining the boundary conditions for electromagnetic fields at the boundary between 

two different mediums. Image theory states, for the boundary at the surface of an electric 

conducting medium, the image tangential electric fields are in the opposite direction of 

the tangential electric fields at the source. Therefore, there must be a spacing of a quarter 

of a wavelength between an antenna and an electric conducting ground plane for an 

antenna with currents tangential to the surface of the ground plane to optimally perform. 

However, image theory states, for the boundary at the surface of a magnetic conducting 

medium, the image tangential electric fields are in the same direction as the tangential 

electric fields at the source. Therefore, there is no spacing requirement, as seen with the 

electric conducting ground plane, when an antenna is implemented with a magnetic 

conducting ground plane for an antenna with currents tangential to the surface of the 

ground plane. Nonetheless, magnetic conductors do not exist in nature, thus, a means of 

emulating a magnetic conductor is an enticing option. Mushroom type EBG structures 

have been developed as a realizable artificial magnetic conductor. This chapter will 

focus on the background and design of the mushroom type EBG structure and the 

analyses of this structure with two types of antennas. The first antenna implementation 

analyzed will be a dipole antenna placed horizontally above the EBG structure. The 

purpose of these analyses is to observe the optimal design configuration of the mushroom 

type EBG structure in this arrangement and how it relates to the high impedance or 
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magnetic conductor properties of the structure. The second antenna implementat ion 

analyzed will be an Archimedean spiral antenna. The objective of these analyses is to 

determine how much of the inherent broadband properties of the Archimedean spiral 

anterma can be maintained when the antenna is backed by a mushroom type EBG 

structure. These analyses will help exhibit how much bandwidth can be gained with the 

implementation of the hybrid EBG/ferrite structure. 

2.1: Mushroom Type EBG Structure 

As mentioned previously, the mushroom type EBG structure can be seen as an 

evolution of the bumpy and corrugated surfaces. A unit cel l of this mushroom type EBG 

structure can be seen in Figure 2.1 .1. The mushroom type EBG structure can be 

Figure 2.1.1: Unit cell of the mushroom type EBG structure 

characteri zed by an equivalent LC circuit as depicted in Figure 2. 1.2. The interaction of 

the structure with electromagneti c li elds generates vo ltage potentials between the patches 

on the surface of the EBG structure which result in capacitances between the patches. A 

means for approximating the values of these capacitances can be deri ved using conformal 

mapping [1 3]. For a pair of semi-infinite sheets separated by a spacing of s with a 

vo ltage potential of v between the sheets and a medium wi th an electric permittivity of G 
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Figure 2.1.2: Equivalent circuit model of the mushroom type EBG st ructure 

surrounding the sheets as shown in Figure 2.1.3, the electric flux at a point on the plates 

can be described by Equation 2.1.1. 

~ 
--------------~- v +~-------------

Figure 2. 1.3: Pair of semi-infinite sheets used to derive a means of calculating the equivalent 
capacitance of the mushroom type EBG structure 

'I' = Im[liV cos-I(X+ iY )] 
n: 0.505 

(2.1.1) 

For the case of the mushroom type EBG structure, the surface patches have a finite width, 

therefore, the electric flux at the edge of a patch can be approx imated by Equation 2.1.2 

which can be reduced to Equation 2. 1.3 where Wp is the surface patch width and WE is the 

element width. 

[
2EV ,( w,. )] '¥ '" 1m - cos- , 

7l wI!' - W ,. 
(2.1.2) 

2liV ( IV . ) '¥ '" __ cosh - I h 

7l w I:; - W I' 

(2. 1.3) 

The capacitance between two patches is defined as the ratio of the amount of positive 

charge to the voltage potential between the two patches. Addi tionall y, the anlount of 
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electric flux at the edge of a patch is equal to the charge on the patch. Thus, a means of 

calculating the capacitances between the surface patches of the mushtoom type EBG 

structure can be extracted from Equation 2. 1.3 as shown in Equation 2.1.4 where eo is the 

electric permitti vity of free space and 10, is the relative electric pemlittivity of the 

substrate supporting the EBG structure. 

(2.1.4) 

The back and forth osci ll ation of charges between the surface patches creates currents 

that travel the paths thtough the patches, the vias, and the EBG structure ground plane. 

These currents in turn create magnetic fields which result in inductances. A means for 

approximating the values of these inductances can be deri ved by analyzing the inductance 

of a solenoid of current (I) with a thickness I , a length I, and a width IV as shown in Figure 

2.1.4. The magnetic field generated inside of the solenoid is related to the current 

I 

W 

Figure 2.1.4: Solenoid of current used to derive a means of calculating the equivalent inductance 
oflhc lIlushroolll Iype EBC slruclure 

travel ing around the outside of the solenoid by Equation 2.1.5. 

H = ~ 
I 
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Because the energy stored in an inductor is equal to the energy stored in its magnetic 

field. the inductance of a solenoid can be calculated using Equation 2.1.6 where p is the 

magnetic permeability of the solenoid. 

(2.1.6) 

By solving the integral in Equation 2.1.6, the inductance of a solenoid in terms of its 

dimensions and material properties can be described by Equation 2.1. 7. 

w 
L = J.I1-

1 
(2.1.7) 

For the case of the mushroom type EBG structure. the area of interest is a unit cell of the 

structure where the length and width are equal. Thus, Equation 2.1.7 can be reduced to 

Equation 2.1.8 where p is the magnetic permeability of the substrate supporting the 

mushroom type EBG structure and t is the thickness of the structure. 

L = J.I1 (2.1.8) 

As shown in Equations 2.1.9 and 2.1.1 0, the sheet capacitance and inductance of the 

mushroom type EBG structure are equal to the unit cell capacitance and inductance. 

(2.1.9) 

(2.1.10) 

The surface impedance of the mushroom type EBG structure is equivalent to the input 

impedance of the parallel LC circuit shown in Figure 2.1.2 and is calculated from 

Equation 2.1.11. 

jOlL 
(2.1.11) 
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A parallel LC circuit and, hence, the mushroom type EBG structure has a resonant 

frequency that is calculated from Equation 2.1.1 2. 

1 
fo = 21[-./ Le 

(2.1.12) 

Around the resonant frequency of the mushroom type EBG structure the surface 

impedance is very high while at the resonant frequency the surface impedance 

approaches infinity as shown in Figure 2. 1.5. From Figure 2. 1.5 it can be seen that the 
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Figure 2.1.5: Surface impedance of the mushroom type EBG structure 

surface impedance of the mushroom type EBG structure is purely imaginary, therefore, 

the onl y losses associated with the structure are due to a lossy electric permittivity, a 

lossy magnetic permeability, or a lossy conductor. Equations 2. 1.1 3 and 2.1.14 describe 

the impedance of an inductor and capacitor, respectively. 

(2. 1.1 3) 

(2. 1.1 4) 

As it can be seen from Equations 2.1.13 and 2. 1.14, a positive imaginary impedance is 

associated with inductance while a negative imaginary impedance is associated with 
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capacitance. Thus, it can be concluded, from observing Figure 2.1.5, that the structure 

behaves inductively at frequencies below the resonant frequency and capacitively at 

frequencies above the resonant frequency. As described previously, the structure 

emulates a magnetic conductor over the frequency band where the surface impedance is 

high. The surface impedance of a magnetic conductor is constant and provides zero 

phase shift to reflected radiation. As depicted in Figure 2.1.5, the surface impedance of a 

mushroom type EBG structure is frequency dependent and only offers zero phase shift to 

reflected radiation at the resonant frequency. However, the operational range, for most 

cases, of a mushroom type EBG structure is defined where the phase shift of reflected 

radiation is between ±90°. This is because within this range the interference between 

reflected radiation and forward traveling radiation is either constructive or non-

destructive. The phase offset introduced by the mushroom type EBG structure can be 

calculated from the surface impedance of the structure (Zs) using Equation 2.1.15 where 

110 is the intrinsic impedance of free space. 

(2.1.15) 

The fractional operational bandwidth of the mushroom type EBG structure can be 

calculated from Equation 2.1.16 where fH is the frequency where the phase offset is equal 

to -900 and.li is the frequency where the phase offset is equal to +900
• 

(2.1.16) 

The low limit of the bandwidth will occur at the frequency where the phase is +900
• This 

point occurs when the reactance of the surface impedance of the mushroom type EBG 

structure is +377 Q or +110. Conversely, the high limit of the bandwidth will occur at the 
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frequency where the phase is -90°. This point occurs when the reactance of the surface 

impedance of the mushroom type EBG structure is -377 n or -710. Therefore, to 

determine thelH and.li. terms in Equation 2.1.16, Equation 2.1.11 needs to be rearranged 

to solve for ill as shown in Equations 2.1.17, 2.1.18, and 2.1.19. 

2 
TID 

(2.1.17) 

(2.1.18) 

(2.1.19) 

For a typical mushroom type EBG structure design, the sheet capacitance is on the order 

ofpF while the sheet inductance is on the order ofnH. Thus, the 21 2 terms are very 
TID C 

small compared to the _1_ terms and can, therefore, be considered negligible allowing 
LC 

Equation 2.1.19 to be approximated by Equation 2.1.20. 

(2.1.20) 

From Equation 2.1.20, (j) can be determined in terms of L and C as shown in Equation 

2.1.21 which leads to a solution for/, Equation 2.1.22, and, ultimately, a means of 

determininglH and.li. as seen in Equations 2.1.23 and 2.1.24. 

(j) "" _1_~1 ± 1 [L 
-JLC TID fc (2.1.21) 

I"" 1 ~1 + 1 [L 
27r-J LC - TID ~c 

(2.1.22) 
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(2.1.23) 

1 ffiH J: ., 1+- -
H 21T:..J LC TJo C 

(2.1.24) 

If the IH andJi terms from Equations 2.1.23 and 2.1.24 are plugged into Equation 2.1.16 

then the fractional bandwidth can be expressed by Equation 2.1.25. 

BlV.= (2.1.25) 

2.2: Mushroom EBG Structure and Dipole Antenna Implementation 

As previously described, the mushroom type EBG structure emulates a magnetic 

conductor at a resonant frequency and provides the reflected radiation with zero phase 

offset. In a certain band around the resonant frequency the structure maintains a high 

impedance with a magnitude greater than 371Q or '10 where the reflected radiation has a 

phase offset between ±90°. However, as shown in literature, for some configurations the 

optimal frequency of operation for the mushroom type EBG structure does not coincide 

with the resonant frequency of the structure [14], [15]. For the configuration ofa 

horizontal dipole antenna backed closely by a mushroom type EBG structure, the dipole 

antenna radiates most efficiently at a frequency where the structure offers a phase offset 

in the range of +900 ±45°. 

The mushroom type EBG structure implemented for the analyses with a dipole 

antenna designed for 12 GHz is shown in Figure 2.2.1 with the design parameters of the 

structure shown in Table 2.2.1. The dimensions of the mushroom type EBG structure 
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Figure 2.2.1: Dipole anlenna above the mushroom type EBC structure 

Wp WE Ts Substrate l:r 

3mm 3.5mm 1.425 nun 2.2 
Table 2.2.1: DesIgn parameters of Ihe mushroom type EBC structu re desIgned for 
implementation with a dipole antenna 

design were chosen to allow the 12 GHz dipole an tenna to radiate efficient ly. The return 

loss at the feed of the dipole antenna in free space, at 0.02A. above the mushroom type 

EBG structure, and at 0.02}, above a perfect electric conducting (PEe) ground plane were 

compared to observe the effectiveness of the EBG structure 10 maintain the impedance 

match of the dipole antenna to a 50 n transmission line. As Figure 2.2.2 depicts, the 

impedance match of the dipole antenna to a 50 n transmission line is not only maintained 

with the implementation of the mushroom type EBG structure, but is enhanced compared 

to the dipole antenna in free space. Additionally, it can be seen in Figure 2.2.2 Ihat when 

the PEe ground plane is brought too close to the dipole antenna, the reverse image 

currents produced by Ihe PEe ground plane effectively short circuit the dipole antenna, 

thus, destroying the radiation efficiency of the dipole antenna. In addition to the return 

loss analysis, the radiation patterns of the dipole antenna in free space, at O.02A. above the 

mushroom type EBG structure, and at O.02A. above a PEe ground plane were compared to 
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Figure 2.2.2: Return loss ofa dipole antenna in free space, above the mushroom type ERG 
structure, and above a PEe grou nd plane 

determine if the EBG structure indeed provides an effective ground plane when spaced 

closely behind a dipole antenna. As is shown in Figure 2.2.3, the mushroom type EBG 

structure provides a gain enhancement that exceeds 3dB over the free space case. This is 

Dipole Antenna Radiation Patterns 
90" 

Ode 
120' 60· 

·5Oe .,.. 
· ,OdB 

. 15<16 180' f---i-l o· 

-lOdB 

21 0" 

·5Oe 

- Free Space 

Ode 
300· - EBG·O Smm 

- PEC - O.Smm 270' 

Figure 2.2.3: Radiation patterns ofa dipole antenna in free space, above the mush room type ERG 
structu re, and above a PEe ground plane 

because of the improved radiation efficiency offered by the implementation of the 

mushroom type EBG structure as well as the constructive interference from the rad iation 

refl ected off of the mushroom type EBG structure with the forward radiation from the 

dipole antenna. Moreover, Figure 2.2.3 shows that if the PEe ground plane is placed too 
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close to the dipole antenna, the reverse image currents produced by the PEe ground plane 

drastically diminish the gain of the dipole antenna From these analyses it is clear to see 

that the mushroom type EBG structure indeed performs as an optimal ground plane for 

the rea1ization oflow-profile, narrowband, uni-directional mdiating antenna systems. 

However, as will be presented, it is also important to determine the capabilities of the 

mushroom type EBG structure to perform as a ground plane when implemented with 

broadband antennas. 

2.3: Mushroom EBG Structure and Spiral Antenna Implementation 

Spiral antennas have chamcteristics that are vital for a wide mnge of wireless 

applications. They are inherently broadband antennas with relatively low profiles that are 

simple and of low cost to manufacture. These characteristics make spiral antennas prime 

candidates for use in sensors and some mobile applications. 

Traditional implementation of Archirnedean spiral antennas entails using an 

electric conductor ground plane spaced at a distance of a quarter of a wavelength (mid

band) behind the antenna. This implementation facilitates uni-directional radiation from 

the bi-directional mdiating Archirnedean spiral antenna and is commonly realized by 

backing the spiral with a metal cavity that is a quarter of a wavelength (mid-band) deep, 

thus, creating a cavity-backed Archirnedean spiral antenna. However, this approach 

limits profile reduction of the antenna implementation as well as the frequency 

independent characteristics of the spiral antenna In an effort to minimize these 

limitations, the cavity is sometimes loaded with absorbing materials. However, this is 

done at the cost of mdiation efficiency, half of the energy mdiated from the antenna is 

lost to the absorbing material. 
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A two arm Archimedean spiral, shown in Figure 2.3.1, is constructed with two 

arms that are wound at a constant spacing from one another. The spiral arms have mdii 

~ 
Figure 2.3.1: Two arm self-eompIimentary Arebimedean spiral antenna 

that are linearly proportional to the polar angle and are described by Equations 2.3.1 and 

2.3.2 where ro is the proportionality constant and'l is the inner mdius of the spiral. 

Equation 2.3.3 defines the proportionality constant where Ws is the arm spacing width and 

W A is the arm width. 

(2.3.1) 

(2.3.2) 

(2.3.3) 

When the spacing between the spiral arms is equal to the width of the arms, the spiral 

antenna becomes self-complimentary. The input impedance of a complimentary antenna 

can be found using Babinet's principle and is calculated from Equation 2.3.4. For a self-
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complimentary antenna, Equation 2.3.4 reduces to Equation 2.3.5 which is equal to 188.5 

n. 

2 

Z Z _710 
ann gap-""4 (2.3.4) 

(2.3.5) 

The spiral arms are fed at a phase offset of 1800 to counteract the 1800 phase difference 

introduced by the half-turn distance differential between the two arms. This feed 

configuration excites the 1st mode of the spiral, producing maximum gain at boresight, 

and produces constructive interference in the region where the antenna arms are radiating 

which is referred to as the active region. The active region of the spiral antenna occurs 

where the circumference of the spiral is equal to the wavelength of the active frequency 

[16]. Using geometry, the active region of the spiral antenna can be calculated in terms 

of the radius as shown in Equation 2.3.6. 

(2.3.6) 

The active region of a spiral antenna occurs at two points (one on each arm) that are 

diametrically opposite from one another. These points will radiate with equal intensity, 

but with a relative phase offset of 900
, thus, satisfYing the condition for circular 

polarization. Prior to the active region the arms of the spiral remain in a transmission line 

mode and little mdiation occurs. Beyond the active region the currents in the arms are 

very weak due to most of the energy being radiated in the active region, creating the 

effect of the arms being infinitely long and, thus, eliminating reflections from the ends. 

As the frequency is shifted upward the active region moves inward and as the frequency 
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is shifted downward the active region moves outward. Therefore, the antenna is self-

scaling for a band of frequencies, creating a broadband anterma 

The Archimedean spiral antenna intended for implementation with the mushroom 

type EBG structure was designed to be self-complimentary and have a center frequency 

of 12 GHz with a bandwidth of 8 GHz to 16 GHz. The design of the Archimedean spiral 

was based on Equation 2.3.6 with the irmer radius being decreased by 50% and the outer 

radius increased by 50% to ensure that the active regions for the lowest and highest 

desired frequencies of operation (8 GHz and 16 GHz) are located on the antenna 

Equations 2.3.7 and 2.3.8 depict the method by which the irmer and outer radii of the 

spiral antenna were chosen for the desired frequency range. 

'[ =0.5(~;) 

'0 =1.5(~~) 

(2.3.7) 

(2.3.8) 

The dimensions of the Archimedean spiral antenna design are shown in Table 2.3.1. The 

Yo Ws 
1.5mm 9mm O.4mm O.4mm 

Table 2.3.1: Dimensions of the Archlmedean spiral antenna designed for implementation with the 
mushroom type EBG structure 

dimensions of the mushroom type EBG structure for this implementation, seen in Figure 

2.3.2, were chosen to allow the Archimedean spiral antenna to radiate efficiently over the 

largest achievable portion of its inherent bandwidth. The design parameters of the 

mushroom type EBG structure for the Archimedean spiral anterma implementation are 

shown in Table 2.3.2. Initially, to validate the effectiveness of the mushroom type EBG 

structure to perform as a ground plane for backing an Archimedean spiral antenna, a 
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Figure 2.3.2: Arch imedean spiral antenn a above the mu shroo m type EBG structure 

Wp WE Ts Substrate er 
3.5 nun 4.0mm 1.9 mm 2.2 

Table 2.3.2: DesIgn pa rameters of the mushroom type E BG st ructure deSIgned for 
implementation with the Archimedea n spiral antenna 

comparative analysis was conducted on the rad iation patterns of the Archimedean spiral 

antenna at the traditional design distance of 0.252 (mid-band) above a PEe ground plane 

and at 0.022 (mid-band) above the mushroom type EBG structure. As Figure 2.3.3 

indicates, the comparative analysis indeed validates the effecti veness of the mushroom 

type EBG structure to perfo rm as a ground plane fo r backing an Archimedean spiral 

antenna. Additionally, it can be seen that the implementation of the mushroom type EBG 

structure as a ground plane for an Archimedean spiral antenna provides an overall height 

reduction of 62% compared to the trad itional implementation of an electric conducting 

ground plane. To analyze the abili ty of the mushroom type EBG structure to mai ntain the 

inherent broadband input impedance and radiation characterist ics of an Archimedean 

spiral antenna, an analysis of the broadside radiation of the Arch imedean spira l antetma at 

0.022 (mid-band) above the mushroom type EBG structure as well as a comparati ve 

analysis of the return loss for the Archimedean spiral antenna in free space, at 0.252 
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Archimedean Spiral Antenna Radiation Patterns 
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Figure 2.3.3: Radiation patterns of the Archimedean spira l antenna above the mushroom type 
EBC structure and above a PEe ground plane 

(mid-band) above a PEe ground plane, at 0_02,1 (mid-band) above a PEe ground plane, 

and at 0_02,1 (mid-band) above the mushroom type EBG structure was performed. As is 

seen in Figure 2.3.4, the input impedance match lo r the Archimedean spiral antenna over 

a majority o f its inherent bandwidth is not onl y maintained with the implementation of 

the mushroom type EBG structure at a di stance of 0.02,1 (mid-band) behind the 

Archimedean spiral antelma, but is also improved compared to the case of the 

Archimedean spiral antenna backed by a PEe ground plane at the traditional distance of 

0 .25), (mid-band)_ It can also be seen from the normalized broadside radiation results that 

the implementation of the Archimedean spiral antenna and the mushroom type EBG 

structure provides acceptable radiation performance over the inherent bandwidth of the 

Archimedean spiral antenna. Additionally, it can be seen that as the PEe ground plane is 

brought to close to the Archimedean spiral antenna it effect ively short circuits the 

antenna, eliminating efficient radiation. It can be seen from these analyses that the 

mushroom type EBG structure can effecti vely perform, to a certain extent, as a low-

profi le ground plane for broadband antennas such as an Archimedean spiral antenna. As 
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Figure 2.3.4: Broadside radiation of the Archimedean spiral antenna above the mushroom t)'pe 
EBG structure and return loss of the Archimedean spiral antenna in free space, above the 
mushroom type EBG structure, and above a PEe ground plane 

these analyses have shown, a bandwidth on the order of 2: I can be ach ieved with a 

reasonably thick, less than one fifteenth of a wavelength (mid-band), mushroom type 

EBG structure. It has been shown that, as the structure thickness approaches a quarter of 

a wavelength, bandwidths on the order of 3: I are achievable with the mushroom type 

EBG structure [17]. However, even the maximum achievable bandwidth of 3: I for a 

mushroom type EBG structure does not meet the ultrawideband performance 

expectations of airborne foliage penetrating RADAR and EW applications. Therefore, an 

ultrawideband ground plane needs to be developed that can offer the desired bandwidths. 
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CHAPTER 3: HYBRID EBGIFERRITE STRUCTURE 

Conformal, low-profile, ultrawideband phased array antenna systems are 

considered a most critical component in the design and development of low-band 

systems, such as airborne foliage penetrating RADAR and EW systems, for surveillance 

and reconnaissance purposes. It is imperative that these antenna systems provide 

ultrawideband operation beginning in the hundreds of megahertz to supply the necessary 

foliage penetration and that they are low-profile as well as conformal to allow the 

systems to fit compactly in the aircraft. It is desirable for these antenna systems to be 

uni-directional radiating systems to prevent the undesired radiation back into the aircraft 

that is seen with bi-directional radiating antennas. Many of the low-profile, broadband 

antennas that can operate in the desired relatively low frequency ranges, such as 

Raytheon's long slot array antenna [1]-[3], radiate in a bi-directional manner [4]-[7]. 

Therefore, a conformal, low-profile, ultrawideband ground plane is clearly necessary to 

back these bi-directional radiating antennas to provide for enhanced performance while 

meeting the design specifications. As was shown, the currently available ground plane 

options, including electric conductor ground planes, electric conductor ground planes 

with absorbing materials, and AMC ground planes, possess inherent limitations that 

restrict their performance and inhibit their effective implementation with low-profile, 

ultrawideband antennas. To achieve the desired performance with minimal limitations, it 

is logical to lean towards a hybrid design that implements a combination of more than 

one ground plane option. As it will be shown, with a hybrid approach ultrawideband 

operation can be achieved in a conformal, low-profile package. 
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3.1: Background and Design oftbe Hybrid EBG/Ferrite Structure 

The developed novel hybrid approach incorporates the implementation of two 

existing ground plane options, which include the mushroom type EBG structure and 

ferrite absorber, into the ultrawideband hybrid EBG/ferrite structure. It is important to 

note that an AMC design presented in [18] also implements ferrite material in an EBG 

structure. However, the basis behind this implementation as well as the resultant effects 

are quite different than that of the developed hybrid structure. Each of the components of 

the hybrid structure, the mushroom type EBG structure and the ferrite absorber, have 

certain inherent limitations when used alone. The mushroom type EBG structure is a 

resonant structure and, hence, is restricted to operation in a limited bandwidth which 

cannot exceed 3:1 [17]. Ferrite absorber has an effective operation band that is limited to 

the hundreds of megahertz. The hybrid structure design incorporates the attractive 

properties of each of these components into a structure that has an ultra-wide operational 

bandwidth that can be broken into two regions. The fIrst of these regions, which occurs 

in the lower frequency band, is the "ferrite absorber" region of operation. In this region 

of operation the hybrid structure provides a surface impedance that takes advantage of the 

lossy characteristics of the ferrite absorber and absorbs the backward radiation. In the 

frequency band beyond the "ferrite absorber" region of operation is the "EBG structure" 

region of operation. In this region of operation the hybrid structure provides a surface 

impedance that produces the high impedance characteristics of the mushroom type EBG 

structure and provides the reflected radiation with a desirable phase. The "ferrite 

absorber" region of operation is defined as the frequency band where less than -14dB of 

reflected radiation is seen from the hybrid structure. The -14dB criterion was set to 
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ensure that the reflected radiation will not cause noticeable interference with the forward 

radiation. The "EBG structure" region of operation is defined where the phase of the 

reflected radiation is between ±90° regardless of the magnitude of the reflected radiation. 

As it will be seen, stricter constraints were set for the "EBG structure" region of 

operation for one variation of the hybrid structure. For this design variation, the "EBG 

structure" region of operation is defined where the phase of the reflected radiation is 

between ±45°. 1bis is done to provide increased constructive interference between the 

reflected radiation and the forward radiation at the edges of the "EBG structure" region of 

operation. As a result of the integration of these two technologies into a hybrid 

technology, uni-directional radiation without performance degradation over a bandwidth 

that is larger than what is provided by either the mushroom type EBG structure or the 

ferrite absorber when implemented alone is achieved. The properties of the new hybrid 

structure are similar to those of the mushroom type EBG structure. The capacitive and 

inductive properties of the mushroom type EBG structure exist for the hybrid structure. 

The capacitances are created by the buildup of charges on the edges of the surface 

patches while the inductances are created by the currents circling the loops created by the 

surface patches, the vias, and the EBG structure ground plane. The inclusion of the 

ferrite absorber in the hybrid design adds a resistance that affects the aforementioned 

current loops. The existence of the resistive properties of the hybrid structure stem from 

the lossy properties of the ferrite absorber. These lossy properties are a result of the 

existence of an imaginary magnetic permeability component in the material properties of 

the ferrite absorber. The sources of the resistances, inductances, and capacitances of the 

hybrid structure are depicted in Figure 3.1.1. The electromagnetic properties of the 
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Figure 3. J. J: Sources of the resistances, inductances, and capacitances of the hybrid EDG/ferrite 
structure 

hybrid structure can be represented by an equivalent RLe circuit as shown in Figure 

3. 1.2. From this equivalent circuit model, the surface impedance of the hybrid structure 

c 

L R 

Figure 3.1.2: Equivalent circuit ",ode I of the hybrid EBClferrite structure 

can be determined using Equation 3. 1.1. 

Z . = R +jwL 
., 1 + jwRC - w' LC 

(3. 1.1 ) 

In the lower frequency band, the "ferrite absorber" region of operation, the resislance 

dominates the surface impedance and is close to Ihe impedance of fTee space (377 n) 

and, thus, the refl ections from the surface are very small in magnitude. Beyond the 

"ferrite absorber" region of operation the "EBG structure" region of operation occurs 

where the reactance of the surface impedance becomes more ofa factor. The reactive 

component of the surface impedance is inducti ve in the lower frequency band of the 

"EBG structure" region of operation and transitions to a capacitive reactance in the 

higher freq uency band of the "EBG structure" region of operation. In the "EBG 

structure" region of operation, the combination of the resisti ve and reacti ve components 
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of the surface impedance provides the desirable characteristics of the mushroom type 

EBG structure (the phase of the reflected radiation is between ±900). The surface 

impedance created by the hybrid structure provides the ever desirable properties 

necessary to provide a low-profile, ultrawideband ground plane. 

To begin the design process of the hybrid structure, the operational properties of 

each of the components needed to be analyzed. It is known that the operational 

characteristics of the mushroom type EBG structure can be easily altered by adjusting 

certain design parameters such as the thickness of the structure, the substrate of the 

structure, the surface patch dimensions and spacings, and the radii of the vias. 

Conversely, the properties of the ferrite absorber being implemented in the design, ETS

Lindgren's FT-2000 ferrite absorber, could not be easily altered. Therefore, the design of 

the hybrid structure was based around the operational characteristics of the ferrite 

absorber. To determine the effective operational bandwidth of the ferrite absorber with a 

PEC ground plane backing, simulations were conducted with Ansoft's High Frequency 

Structure Simulator (HFSS) software using the ferrite absorber material properties and 

dimensions provided by ETS-Lindgren. The material data provided by ETS-Lindgren 

contained the material properties of the ferrite absorber for the frequency range of 100 

MHz to 2 GHz (the material data for a few frequency points including 100 MHz, 500 

MHz, 1 GHz, and 2 GHz is given in Table 3.1.1). The reflectivity and phase analyses 

simulation results ofETS-Lindgren's ferrite absorber are shown in Figure 3.1.3. As it 

may be seen in Figure 3.1.3, ETS-Lindgren's ferrite absorber offers desirable 

performance (reflectivity less than -14dB) over a band that ends at 950 MHz. At 

approximately 950 MHz the magnitude of the reflected radiation exceeds the -14dB 
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Frequency e,' c/' II,' II ," 
100 MHz 10.92 -0.02 15.96 -66.32 
500 MHz 10.95 -0.03 0.2 1 - 14.73 

I GHz 10.73 -0.07 0.51 - 7.30 
2G Hz 10.73 -0.15 0.47 - 3.24 

Table 3.1. 1: Matena l properties of ETS-Londgren ' s fer n te t,le electromagnet,c absorber 
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Figure 3.1.3: Reflectiv ity and reflection phase of ETS-Lindgren's ferrite tile electromagnetic 
absorber 

criterion wllile the phase of the reflected rad iation is - 104°. This is expected to result in 

undesirable destructive interference with the forward radiation. From these results it can 

be concluded that the ferrite absorber does not offer a desirable ground plane above 950 

MHz. To provide the desirable phases for the reflected rad iation in the region beyond the 

effecti ve operational region of the ferrite absorber, a mushroom type EBG structure was 

designed to provide desirable operation beginning at approximately I GHz. The 

performance and operation of the combined mushroom type EBG structure and ferrite 

absorber are expected to be different when the two are implemented together. For thi s 

reason, it is important to note that the initial design of the mushroom type EBG structure 

is to provide a starting point for the overall optimization when implemented with the 

ferrite absorber in the hybrid structure design. The design of the mushroom type EBG 
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structure is shown in Figure 3. 1.4 with the design parameters of the structure displayed in 

Table 3. 1.2. As is shown in the figure of the mushroom type EBG structure, the patches 

Figurc 3.1.4: Initial mushroom type EBG structure for the design of the hybrid EBG/ferrite 
structure 

Table 3.1.2: Design parameters of the in itial mushroo m type EBG structure for thc design of the 
hybrid EBG/ferrite strllcture 

and patch spacings are designed in a manner as to allow sufficient radiation to penetrate 

the patch lattice and interact with the ferrite absorber at the lower frequencies of the 

operational bandwidth. Once the design of the mushroom type EBG structure was 

completed, the ferrite absorber was placed on the ground plane of the EBG structure and 

the hybrid design was optimized to provide the desired performance. It should be noted 

that a small portion of the ferrite absorber is removed around each of the vias of the EBG 

structure to a llow the hybrid structure to provide the desired mushroom type EBG 

structure characteristics in the preferred frequency band. 

When developing the initial hybrid structure design, there were many variab les 

that could be altered to optimize the structure to provide the desired performance. These 
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variables include the thickness of the structure, the surface patch sizes and spacings, as 

well as the dimensions of the removed sections of the ferrite absorber. Initially, to reduce 

the number of variables in optimizing the design, the thickness of the hybrid structure 

was adjusted from the thickness of the previously designed mushroom type EBG 

structure until the desired performance was achieved. It is known from the resonant 

frequency equation, Equation 3.1.2, and the inductance equation, Equation 3.1.3, for the 

mushroom type EBG structure that the resonant frequency is proportional to the thickness 

of the structure. 

I 
fo = 2"..jLC 

(3.1.2) 

Lshed = J1l (3.1.3) 

Therefore, the "EBG structure" region of operation could be shifted until it overlapped 

the "ferrite absorber" region of operation properly by making the hybrid structure thinner 

or thicker. As was noted, a portion of the ferrite absorber was removed around each of 

the vias of the EBG structure. Initially, when the ferrite absorber was placed on the 

ground plane of the EBG structure, ouly enough of the ferrite absorber was removed to 

allow the vias to run through the ferrite absorber and connect with the EBG structure 

ground plane as shown in Figure 3.1.5. However, the ferrite absorber loaded the structure 

in a way as to require an unacceptable thickness to achieve the desired performance. 

Thus, an analysis was conducted to determine the appropriate amount of ferrite absorber 

to remove around each of the vias that will allow the hybrid structure to provide the 

desired ferrite absorber characteristics as well as the desired mushroom type EBG 

structure characteristics. This analysis compared the results of the hybrid structure with 
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Figure 3.1.5: Hybrid EBGlferrite structure design with ferrite cutouts equal to the diameter of the 
vias 

Hybrid Structure Reflectivity and Phase 
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O.I OOGHz 1.32SGHz 2.55OGHz 3.775GHz 5.000GHz 
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Figure 3.1.6: Reflectivity and renection phase of the optimized hybrid EBGlferrite structu re with 
ferrite cutouts equa l to the diameter of the vias 

the ferrite absorber cutouts equal to the diameter of the vias, 7.5 mm x 7.5 mm, 15 mm x 

15 mm, and 22.5 mm x 22.5 mm as depicted in Figure 3. 1.7. The results of thi s analysis 

are also shown in Figure 3. 1. 7. From this analysis it was found that the ferrite absorber 

loads the structure in a way as to require an unacceptable thickness to achieve the desired 

performance for the cases where the cutouts are equal to the diameter of the vias and 

equal to 7.5 mm x 7.5 mm. Conversely, for the case where the cutouts are equal to 22.5 
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Figure 3.1.7: Hyb rid ERG/ferrite struct ure design a nd renectivity a nd renection phase with 
ferrite cu touts eq ua t to (a) 7.5 x 7.5 mm, (b) 15 x 15 mm , and (c) 22.5 x 22.5 mm 
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mm x 22.5 mm, it is shown that the ferrite absorber no longer provides adequate 

absorption. Thus, it was determined that a cutout size of 15 mm x 15 mm would be the 

proper choice at the time being for further development of the hybrid structure. This 

choice was made because a ferrite absorber cutout size of 15 mm x 15 mm provides 

adequate absorption in the "ferrite absorber" region of operation while also allowing the 

hybrid structure to provide the desired operation in the "EBG structure" region of 

operation with an acceptable structure thickness. The initial design of the hybrid 

structure is shown in Figure 3.1.8 with the dimensions of the optimized hybrid structure 

displayed in Table 3.1.3. For the initial design of the hybrid structure, the " ferrite 

Figure 3.1.8: Initial hybrid EBG/ferrite structure design 

Ts 
1.5 cm 3.5 cm 3.9 cm 6.7mm 

Table 3. I .3: Dimensions of the initial hybrid EBG/ferrite structure design 

absorber" region of operation is defined where less than - 14dB ofreflectivity is seen 

from the hybrid structure while the "EBG structure" region of operation is defined where 

the phase of the reflected radiation is between ±90°. 

Thus far, in addition to the initial hybrid structure design, three additional design 

variations of the hybrid structure have been developed. The first design variation 
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implements ferrite absorber with a plywood backing resting on the ground plane of the 

EBG structure. The plywood backing was implemented because the manufacturer of the 

ferrite absorber offers the option of supplying the ferrite absorber with a plywood 

backing for additional support. As with the initial hybrid structure design, for the first 

design variation of the hybrid structure, the "ferrite absorber" region of operation is 

defined where less than -14dB of reflectivity is seen from the hybrid structure while the 

"EBG structure" region of operation is defined where the phase of the reflected radiation 

is between ±90°. As described previously, to reduce the number of variables in 

optimizing the design, the thickness of the first design variation of the hybrid structure 

was adjusted from the thickness of the initially designed hybrid structure until the desired 

performance was achieved. The second design variation was similar to the initial hybrid 

structure design, however, a stricter constraint was used to define the "EBG structure" 

region of operation. For the second design variation of the hybrid structure, the "ferrite 

absorber" region of operation is again defined where less than -l4dB of reflectivity is 

seen from the hybrid structure while the "EBG structure" region of operation is defined 

where the phase of the reflected radiation is between ±45°. This more restrictive criterion 

is set to provide for increased constructive interference at the edges of the "EBG 

structure" region of operation. To again reduce the number of variables in optimizing the 

design, the thickness of the second design variation of the hybrid structure was adjusted 

from the thickness of the initially designed hybrid structure until the desired performance 

was achieved. The third design variation of the hybrid structure was optimized from the 

initial hybrid structure design using more degrees of freedom than previously used. 

Rather than only adjusting the thickness of the hybrid structure for optimi:zation, for the 
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third design variation, the thickness of the structure as well as the surface patch sizes and 

spacings were adjusted during the optimization procedure. As with the initial design and 

the first design variation, for the third design vari ation of the hybrid structure, the " ferrite 

absorber" region of operation is defined where less than - 14dB of reflectivity is seen 

from the hybrid structure whi le the "EBG structure" region of operation is defined where 

the phase of the reflected radiation is between ±90°. The three optimized hybrid structure 

design variations are shown in Figure 3. 1.9 with their dimensions shown in Table 3.1.4. 

(a) (b) 

Figure 3. 1.9: (a) I", (b) 2"d, and 3'" hybrid ERG/ferrite structure design va riations 

Variation Wp WE Ts TF Tw 
1st 1.5 cm 3.5 cm 4.92 cm 6.7mm 6.7mm 
2nu l .5cm 3.5 cm 5.2cm 6.7 mm ------

3ru 1.975 cm 3.7 cm 2.5 cm 6.7mm ------
Table 3.1.4: D,mens,ons of the hybrid ERG/fernte structure deSIgn va riatIOns 

3.2: Simulation Procedures and Considerations 

While simulating the hybrid EBG/ferri te structure des ign, much attention was 

paid to the simulation procedures and many considerations were taken into account to 

ensure accurate simulations. The initial simulation analyses conducted were done to 

determine the reflectivity of the hybrid structure and the phase of radiation reflected off 

of the hybrid structure. To perform these analyses, a plane wave was directed at the 
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surface of the hybrid structure and the magnitude and phase of the reflected radiation 

were calculated. For a -z traveling plane wave with the electric fields oriented in the x 

direction, the magnitude and phase of the reflected radiation were calculated at a certain 

distance from the surface of the hybrid structure using Equations 3.2.1 and 3.2.2. 

(3.2.1) 

s 

JLEx ·ds 
r = "-s----.-__ 

L JI.ds 
(3.2.2) 

S 

In Equations 3.2.1 and 3.2.2 S is a surface in the x-y plane placed at the location of the -z 

traveling plane wave source. To reduce simulation complexity and, hence, increase the 

probability of converging on an accurate solution while also reducing simulation run 

time, a unit cell of the hybrid structure with periodic boundary conditions was 

implemented for the simulation analyses. The setup for the simulation analyses can be 

seen in Figure 3.2.1. To ensure accurate simulation results, careful attention was paid to 

how the boundaries were setup for the simulation space. Master and slave boundaries 

(periodic boundary conditions) were used in Ansoft's HFSS to provide an infinite array 

of the hybrid structure unit cells. Ansoft states that master and slave boundaries are 

useful for simulating infinite arrays. Master and slave boundaries force the electric fields 

at each point on the slave boundary to match the electric fields at the corresponding point 

on the master boundary to within a user defined phase difference. The relationship 

between the electric fields at each point on the slave boundary (Es) and the electric fields 
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Absorbing BOI~d~ Condition 

Observation Plane 
Source 

Periodic Boun~ -I~--~ 
Conditions 

Hybrid Structure -I-+-

z 

t.x 

Figure 3.2.1: Simulation space set up for the reflectivity and phase analyses oC the hybrid 
EBG/ferrite strueture 

at the corresponding point on the master boun~ (EM) is shown in Equation 3.2.3 where 

'¥ is the phase delay between the two. 

(3.2.3) 

To verifY the setup of the simulation space, a simulation for comparison purposes was 

performed on a mushroom type EBG structure presented in literature [14]. The presented 

mushroom type EBG structure shown in Figure 3.2.2a consists of surface patches with 

widths and lengths of3 mm, patch spacings of 0.5 mm, and a substrate with a thickness 

of 1 mm and an electric permittivity of2.2 - jO. As Figure 3.2.2b depicts, the results 

obtained using the aforementioned setup in Ansoft's HFSS match the results presented in 

[14] that were obtained using an FDID program. 
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Figure 3.2.2: (a) Mushroom type EBG structu re presen ted in 1141 and (b) comparison of phase 
results obtained using Ansoft's HFSS and phase resu lts presented in 1141 

3.3: Reflectivity and Phase Analyses of the Hybrid EBG/Ferrite Str ucture 

As mentioned previously, the first simulation analyses conducted were done to 

detennine the reflectivity of the hybrid EBG/ferrite structure and the phase of radiation 

reflected off of the hybrid structure. These analyses were conducted with the initi al 

design of the hybrid structure shown in Figure 3.1.8 and each of the three design 

variations shown in Figure 3.1.9. To perform these simulation analyses, a - z traveling 
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plane wave was directed at the surface of the hybrid structure and the magnitude and 

phase of the reflected radiation were calculated. 

The reflectivity and phase analyses simulation results for the initial design of the 

hybrid structure and the three design variations of the hybrid structure are shown in 

Figure 3.3.1. The two regions ofopemtion for the hybrid structure can be seen from the 

simulation results shown in Fignre 3.3.1. The "ferrite absorber" region of operation is 

defined where less than -14dB of reflectivity is achieved. For the initial design and the 

first and third design variations of the hybrid structure, the "EBG structure" region of 

operation is defined where the phase of the reflected mdiation is between ±900 regardless 

of the reflectivity. This criterion is to provide the largest opemtional bandwidth without 

introducing destructive interference to the forward mdiation. For the second design 

variation of the hybrid structure, the "EBG structure" region of opemtion is defined 

where the phase of the reflected mdiation is between ±45° regardless of the reflectivity. 

This criterion was set to provide for increased constructive interference at the edges of 

the "EBG structure" region of operation. 

The opemtionaI bandwidth for each of the hybrid structure design variations can 

readily be determined from the reflectivity and phase analyses simulation results shown 

in Figure 3.3.1. Displayed in Table 3.3.1 is a comparison of the opemtionaI bandwidth 

performance for the initial hybrid structure design and each of the three design variations. 

To give an overall understanding of the bandwidth capabilities of each design variation 

for the two operation regions of the hybrid structure, the ''ferrite absorber" region of 

opemtion and the "EBG structure" region of operation, the bandwidth of each region of 
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Figure 3.3.1: Reneclivily and reneclion phase of Ihc (a> in it ia l, (b) I", (c) 2"d, and (d) 3'd hybrid 
ERG/ferri te structu re design variations 

Varia tion 
Ferrite EBG Hyb r id 

O pera tion O peration O pera tion 

Initi al 
Frequency Range 0. 17 - 1.39 GHz 1.39 - 3.8 GHz 0.17 - 3.8GHz 

Bandwidth 8.2:1 2.7 : 1 22.4: 1 

1st Frequency Range 0. 17 - 2.1 GHz 2.1 - 3.5 GHz 0.17 - 3.5 GHz 

Bandwidth 12.4: 1 1.7: I 20.6:1 

2nd Frequency Range 0. 17 - 1.28 GH z 1.28 - 2. 15 GHz 0. 17 - 2. 15 GHz 

Bandwidth 7.5: 1 1.7: 1 12.6: 1 

3'd Frequency Range 0.12 - 3.33 GH z 2.65 - 4.86 GHz 0. 12 - 4.86 GHz 

Bandwidth 27.8: 1 1.8: 1 40.5: 1 
Table 3.3. 1: Ba ndwldth resu lts of the hybnd EBG/fern te struclure deSIgn va n at lons 

operation is presented in Table 3.3 .1 along with the overall bandwidth of each design 

variation of the hybrid structure. 
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As the results depict in Figure 3.3.1a and Table 3.3.1, the initial design of the 

hybrid structure provides ultrawideband operation over a 22.4: 1 bandwidth ranging from 

170 MHz to 3.8 GHz. From the reflectivity and phase analyses simulation results, it can 

also be seen that implementing a plywood backing for the ferrite absorber, as seen in the 

first design variation of the hybrid structure, provides enhancement for the bandwidth of 

the "ferrite absorber" region of operation while at the same time reduces the bandwidth of 

the "EBG structure" region of operation. This results in a reduction of the overall 

operational bandwidth. As expected, the stricter performance constraints on the "EBG 

structure" region of operation for the second design variation of the hybrid structure 

result in the smallest operational bandwidth of the four design variations, a bandwidth of 

12.6:1. A 12.6:1 bandwidth is the least of the four design variations of the hybrid 

structure, however, by the standard of currently available ground plane options, a 12.6:1 

bandwidth is to be considered a great success. As it is clear to see, the third design 

variation of the hybrid structure offers the greatest operational bandwidth (instantaneous 

bandwidth of 40.5:1 ranging from 120 MHz to 4.86 GHz) and as described in Figure 

3.1.9 the lowest profile (thickness of2.5 cm) of the four hybrid structure design 

variations. 
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CHAPTER 4: EQUIVALENT CIRCUIT MODEL OF THE HYBRID STRUCTURE 

With the development of an equivalent circuit model for the hybrid EBG/ferrite 

structure, a better understanding of the operation of the hybrid structure in relation to the 

dimensions of the structure as well as the material properties of the structure is obtained. 

This deeper understanding of the characteristics of the operational performance can lead 

to a more efficient and straight forward design strategy for subsequent hybrid structure 

design variations. The equivalent circuit model relates the details of the dimensions of 

the hybrid structure and the material properties of the hybrid structure to a combination of 

circuit components such as resistors, inductors, and capacitors. 

Designing a hybrid structure to meet certain design criteria using simulation 

software, such as Ansoft's HFSS, can be very time consuming. Each simulation run 

takes a considerable amount of time, especially for an ultrawideband design that needs to 

be simulated for a wide range of frequencies, and there could be many possible trial runs 

necessary to determine the optimal hybrid structure design needed to meet the specified 

criteria. Therefore, it is important to have an initial starting point that wilJ provide a 

hybrid structure design with operational characteristics that are close to those of the 

specified criteria. With an equivalent circuit model, an initial design can be developed 

analytically, thus, considerably reducing the design time. Additionally, an equivalent 

circuit model gives a better understanding of how the dimensions of the hybrid structure 

as well as the material properties of the hybrid structure affect the operational 

characteristics of the hybrid design. From the initial design provided by the equivalent 

circuit model and with the knowledge gained from the equivalent circuit model, the 
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hybrid structure can be optimized to meet the desired criteria using a simulation software 

package in a more efficient and straight forward manner. 

4.1: Initial Equivalent Circuit Model of the Hybrid EBG/Ferrite Structure 

The initial equivalent circuit model of the hybrid EBG/fe rri te structure was 

developed through close observation of the dimensions of the hybrid structure as well as 

the material properties of the hybrid structure. Through this observation, all possible 

relevant circuit components that could describe the operation of the hybrid structure were 

implemented in the equivalent circuit model as shown in Figure 4.1. 1. The first of these 

MLpv MLPVGFI M LpVGF2 
L~,-t."" L",,-~ t.",,-~ 

Figure 4. 1.1 : Initia l equivalent circuit model of the hybrid EBG/ferrite structure 

components is Cpp which represents the capacitances between the surface patches of the 

hybrid structure. These capacitances are created by the electromagnetic fi elds interacting 

with the structure and creating voltage potentials between the patches, thus, creating a 

buildup of charges on the edges of the surface patches. The back and forth oscillation of 

these charges create currents that run along paths through the surface patches, the vias, 

and the EBG structure ground plane. These currents in turn create magnetic fi elds which 

result in inductances. The first of these inductances are the inductances created by the 

currents traveling the paths through the surface patches and the vias. These inductances 

are represented by Lpv1 and LpV2 in the equi valent circuit model. Additional inductances 
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are created by the currents traveling the path through the EBG structure ground plane. 

These inductances are highly dependable on the real component of the magnetic 

permeability of the ferrite absorber placed on the EBG structure ground plane. This is 

because the ferrite absorber greatly affects the induced magnetic fields. These 

inductances are represented by LoF in the equivalent circuit model. The real component 

of the complex magnetic permeability of the ferrite absorber is associated with the 

storage of energy, bence, the effect of the :ferrite absorber on the inductances of the 

equivalent circuit model. The imaginary component of the complex permeability of the 

ferrite absorber is associated with the dissipation of energy. Therefore, it can be seen that 

there are losses associated with the relatively high imaginary component of the magnetic 

permeability of the ferrite absorber. These losses are associated with resistances which 

are represented by RoF in the equivalent circuit model. In addition, mutual inductances 

are induced between each of the inductors. The mutual inductances induced between 

Lpvl and LpV2 are represented by MLpv in the equivalent circuit model while the mutual 

inductances induced between LpVIILpV2 and Lop are represented by MLpVGFI and 

MLpVGF2 in the equivalent circuit model. The last of the circuit components is Cpo which 

represents the capacitances between the surface patches and the EBG structure ground 

plane. These capacitances are created by the electromagnetic fields interacting with the 

structure creating voltage potentials between the surface patches and the EBG structure 

ground plane, thus, creating a buildup of charges on the patches and the EBG structure 

ground plane. 

To determine the values of each of these circuit components for each frequency, 

the surface impedance of the hybrid structure was first calculated from the reflectivity 
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and phase simulation analyses results determined using Ansoft's HFSS. Using the 

optimizer engine of Agilent's Advanced Design System (ADS), the optimal values for 

each component were determined for each frequency. However, after running several 

optimization iterations it was clear, as shown in Figure 4.1.2, that the optimizer was not 

converging on a global solution for each frequency, but was converging on severa1local 

solutions for each frequency. This is because it is difficult to predict approximate values 

for each of the components and place the proper restrictions on the component values for 

the optimizer. Therefore, each of the components of the initial equivalent circuit model 

were further analyzed to remove any unnecessary components and, thus, reduce the 

complexity of the equivalent circuit model, allowing the optimizer to have a better chance 

of converging on a stable solution. 

The first circuit component analyzed was Cpo. This component was chosen first 

because it was suspected that the vias were shorting the connection between the surface 

patches and the EBG structure ground plane, thus, greatly reducing the buildup of voltage 

potentials between the surface patches and the EBG structure ground plane. Two cases 

were analyzed and compared to determine the effects of the vias in the reduction of the 

capacitances between the surface patches and the EBG structure ground plane: the first 

case being the mushroom type EBG structure including the vias and the second case 

being the mushroom type EBG structure without the vias. To analyze the effects of the 

vias, Ansoft's HFSS was used to simulate a voltage potential being placed between the 

surface patches and the EBG structure ground plane for the two aforementioned cases. 

The electric fields between the surface patches and the EBG structure ground plane were 

then observed as shown in Figure 4.1.3. As depicted in Figure 4.1.3, the electric field 
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(a) (b) 

Figure 4.1.3: Analysis of the effect of the vias on the capacitances between the surface patches aud 
the ground plane: (a) without vias and (b) with vias 

intensity between the surface patches and the EBG structure ground plane fo r the case 

including the vias is much less than that of the case that has no vias . Therefore, il can be 

concluded that the capacitances between the surface patches and the EBG structure 

ground plane are greatly reduced for the case with the vias implemented and it is beli eved 

that these capacitances are low enough to be considered negligible. If CPG is removed 

then the inductances, including the mutual inductances, can be combined resulting in the 

final equi valent circuit model shown in Figure 4.1.4. 

c 

L R 

Figure 4.1.4: Final equivalent circuit model of the hybrid EBG/ferrite struclure 

4.2: Final Equivalent Circuit Model of the Hybrid ERG/Ferrite Structure 

As shown in Figure 4.1.4, the final equi valent circuit model of the hybrid 

EBG/fe rrite structure consists of a capacitor in parallel with the series combination of an 

inductor and a resistor. As described previously, the capacitances represented by C in the 
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equivalent circuit model are created by the build up of charges on the edges of the surface 

patches. The oscillation of these charges creates currents in the paths that traverse 

through the surface patches, the vias, and the EBG structure ground plane. These 

currents create magnetic fields which result in inductances. These inductances are 

represented by L in the equivalent circuit model of the hybrid structure. Additionally, the 

induced magnetic fields interact strongly with the ferrite absorber that is placed on the 

EBG structure ground plane. As was described previously, the real component of the 

complex magnetic permeability of the ferrite absorber is associated with the storage of 

energy, hence, the effect of the ferrite absorber on the inductances represented in the 

equivalent circuit model. The imaginary component of the complex permeability of the 

ferrite absorber is associated with the dissipation of energy. Thus, it can be seen that 

there are losses associated with the relatively high imaginary component of the magnetic 

permeability of the ferrite absorber. These losses are associated with resistances which 

are represented by R in the equivalent circuit model. 

As was indicated previously, when determining the optimal component values for 

the equivalent circuit model, it is important to have an accurate manner of predicting the 

component values to be able to provide the necessary restrictions for the optimizer 

engine. Using a derivation similar to that for the mushroom type EBG structure, a means 

of approximating the capacitances between the surface patches of the hybrid structure can 

be developed as shown in Equation 4.2.1 where Wp is the surface patch width, WE is the 

element width, and 8sub is the effective electric permittivity of the air/ferrite substrate 

supporting the hybrid structure. 
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(4.2.1) 

As with the capacitances, using a derivation similar to that for the mushroom type EBG 

structure, a means for approximating the values of the inductances created by the current 

loops in the hybrid structure can be developed as shown in Equation 4.2.2 where t is the 

thickness of the hybrid structure and J!.sub' is the real component of the effective magnetic 

penneability of the air/ferrite substrate supporting the hybrid structure. 

(4.2.2) 

There are losses or resistances associated with the inductive branch of the equivalent 

circuit model of the hybrid structure because the ferrite absorber has a magnetic 

penneability with an imaginary component. These resistances are created by the strong 

interaction of the magnetic fields created by the currents traveling the paths through the 

surface patches, the vias, and the EBG structure ground plane with the ferrite absorber. A 

means for approximating the resistances created by a solenoid of current with a complex 

magnetic permeability can be derived by analyzing the impedances of the induced 

inductances as shown in Equations 4.2.3 and 4.2.4. 

(4.2.3) 

(4.2.4) 

By plugging Equation 4.2.3 into Equation 4.2.4, the resistances created by a solenoid of 

current with a complex magnetic penneability can be extracted as shown in Equation 

4.2.5 which can be reduced to Equation 4.2.6. 

(4.2.5) 
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(4.2.6) 

Therefore, the resistances created by the current loops in the hybrid structure can be 

approximated by Equation 4.2.7 where Jlsub" is the imaginary component of the effective 

magnetic permeability of the air/ferrite substrate supporting the hybrid structure. 

" R=-OJJlmh t (4.2.7) 

The effective electric permittivity and magnetic permeability of the air/ferrite substrate 

are determined using a volume mixture theory and optimal fit method. This method 

entails calculating the effective electric permittivity and magnetic permeability of the 

air/ferrite substrate according to the volume percentage of air and ferrite. The 

analytically calculated values are then optimally fit using a global optimization software 

package to match the calculated surface impedance of the air/ferrite substrate. As shown 

in Equations 4.2.8, 4.2.9, and 4.2.10, the sheet resistance, inductance, and capacitance of 

the hybrid structure are equal to the unit cell resistance, inductance, and capacitance. 

(4.2.8) 

(4.2.9) 

(4.2.10) 

To determine the optimal values of each of the circuit components for each 

frequency, the surface impedance of the hybrid structure was first calculated from the 

reflectivity and phase simulation analyses results determined using Ansoft's HFSS. 

Then, using the global optimization software package provided by Tomlab as an add-on 

for Matlab [19] with starting values for the circuit components equal to the analytically 
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predicted component values, the optimal values fo r each component were detennined for 

each frequency. A compari son of the analyticall y predicted equi va lent circuit model 

component values to that of the optimal equivalent circuit model component values is 

shown in Figure 4 .2 .1 . As Figure 4.2.1 depicts, the predicted component values show 
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Figure 4.2.1: Fina l eq uiva lent ci rcuit model of the hybrid ERG/ferrite struct ure componeut va lues 
analyses: (3) R, (b) L, and (c) C 

good correlation with the optimal component values. It should be noted that the slight 

di screpancies between the calculated and optimal resistance component values at the 

higher fTeq uencies may be caused by the fact the hybrid structure unit cell dimensions 

become an appreciable fraction of a wavelength. Thus, a di stributed model rather than a 
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lumped model at these higher frequencies could be more accurate. It was origina lly 

believed that these discrepancies were the result of the structure beginning to rad iate, 

thus, resulting in a radiation resistance. However, after modeling the structure with an 

array of capacitively loaded monopoles, it was determined, as shown in the simulation 

results seen in Figure 4.2.2, that except for in a small band, the mutual coupling between 

the elements results in a negligible rad iation resistance. Rather than using a perfect 
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Figure 4.2.2: Radiation resista nce of an a rray of capped monopoles 

conductor for the surface patches, the vias, and the EBG structure ground plane as seen in 

the simulation analyses, the metals implemented when fabricating the hybrid structure 

design have finite conductivities. However, as it is scen from the simulation analyses 

results shown in Figure 4.2.3, implementing finite conductivities, such as the 

conducti vity of aluminum or stainless steel, does not significantly affect the surface 

impedance of the hybrid structure and, hence, can be considered negligible for the 

equi valent circuit model of the hybrid structure. The resistances resulting from the finite 

conductivities that are encountered by the current loops are in series with the resistances 

that result from the ferrite absorber layer. The resistances resulting from the finite 

conductivities do not significantly affect the surface impedance of the hybrid structure 
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Figure 4.2.3: Surface impedance of the hybrid EBG/ferrite structure with various conductivities 

because they are small compared to the resistances resulting from the ferrite absorber 

layer. It can be concluded that the equivalent circuit model depicted in Figure 4.1.4 

accurately represents the hybrid structure and that Equations 4.2 .8, 4.2.9, and 4.2. 10 

provide accurate predictions for the equivalent circuit model components. 

From the development of the equivalent circuit model for the hybrid EBG/ferrite 

structure, the role of the addition of the ferrite absorber to the mushroom type EBG 

structure is clear. First, as it can be detennined from Equation 4.2.10, the effect of the 

addition oflhe ferrite absorber on the capacitance in the equi valent circuit model is not 

unique. This is because the capac itance in the equivalent circuit model is dependent upon 

the effecti ve electric permittivity of the substrate supporting either the mushroom type 

EBG structure or the hybrid structure. Thus, the effect on the capacitance by the 

frequency independent e lectri c permittivity of the ferrite absorber can be reproduced by 

implementing a dielectric material with a similar electric permittivity_ The unique effects 

of the addition of the ferrite absorber to the mushroom type EBG structure can be seen in 

the transformation of the frequency independent characteristics of the inductance in the 

equivalent circuit model for the mushroom type EBG structure to the frequency 
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dependent characteristics of the inductance in the equivalent circuit model for the hybrid 

structure and in the addition of the resistance to the equivalent circuit model for the 

hybrid structure. As described by Equation 4.2.9, the inductances in the equivalent 

circuit models for both the mushroom type EBG structure and the hybrid structure are 

proportional to the real component of the effective magnetic permeability of the substrate 

supporting the structure. For the mushroom type EBG structure, a non-magnetic 

dielectric substrate is implemented to support the structure and, hence, the relative 

magnetic permeability of the substrate supporting the structure has a constant value of 1 -

jO, thus, resulting in a frequency independent inductance. Conversely, the air/ferrite 

substrate supporting the hybrid structure has a frequency dependent effective magnetic 

permeability that is a result of the frequency dependent magnetic permeability of the 

ferrite absorber, thus, resulting in a frequency dependent inductance. As seen in Equation 

4.2.8, the addition of the imaginary component of the effective magnetic permeability in 

the material properties of the air/ferrite substrate supporting the hybrid structure provides 

a frequency dependent resistance that is proportional to the imaginary component of the 

effective magnetic permeability of the substrate supporting the structure. The imaginary 

component of the effective magnetic permeability of the air/ferrite substrate supporting 

the hybrid structure stems from the inclusion of the ferrite absorber. Thus, the existence 

of a resistance in the equivalent circuit model for the hybrid structure is a direct result of 

the inclusion of the ferrite absorber and the value of this resistance is highly dependent 

upon the characteristics of the ferrite absorber. The inclusion of the ferrite absorber alters 

the operation of the mushroom type EBG structure by altering the surface impedance of 
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the structure. As shown in Figure 4.2.4, the inclusion of the ferrite absorber adds a 

resistance to the surface impedance. This is contrary to the sole existence of a reactive 
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Figure 4.2.4: Surface impedance of the hybrid EBC/ferrite structure 

surface impedance that approaches infinity at a resonant frequency fo r the mushroom 

type EBG structure. The surface impedance is dominated by the resistance, which is 

close to the impedance of free space (3 77 n), in the " ferrite absorber" region of operation 

and, thus, the reflections from the surface are small in magnitude. The reactance of the 

surface impedance becomes more of a fac tor in the "EBG structure" region of operation. 

In the lower frequency range of the "EBG structure" region of operation, the reactance of 

the surface impedance is inductive and the surface impedance provides the reflected 

radiation with a phase from +90° down to +0° as the reactance of the surface impedance 

approaches zero. When the reactance of the surface impedance crosses zero, the 

resistance of the surface impedance is greater than the impedance of free space and, thus, 

the reflected radiation has a phase of 0° and the hybrid structure emulates a magnetic 

conductor. The reactance of the surface impedance becomes more capacitive in the 

frequency region beyond this and the phase of the reflected radiation ranges from -00 

down to - 90°. Therefore, it is seen that in the "EBG structure" region of operation the 
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hybrid structure provides the desirable characteristics of a mushroom type EBO structure, 

but with a slightly different mechanism. 

Armed with a deeper understanding of the operation of the hybrid structure in 

relation to the dimensions of the structure as well as the material properties of the 

structure that is provided by the equivalent circuit model, parametric analyses were run 

on four different key dimensions of the hybrid structure that greatly affect the 

characteristics of the equivalent circuit model. These were done to determine if the 

chosen dimensions for the third design variation were indeed a set of optimal dimensions 

to provide for the desired operational performance. The desired operational performance 

has the characteristics of a large overall operational bandwidth with a large bandwidth for 

the "EBO structure" region of operation while providing a low-profile hybrid structure 

design. Thus, the figure of merit used to characterize the operational performance of the 

hybrid structure takes into account these characteristics as described in Equation 4.2.11 

where B. W. HS is the overall bandwidth of the hybrid structure, B. W.EBG is the "EBO 

structure" region of operation bandwidth, and t is the thickness of the structure. 

F'oM. = BlV·HS 0« BlV'EBG 

t 
(4.2.11) 

The analyzed dimensions included the surface patch sizes and spacings, the structure 

thickness, and the ferrite cutout sizes. Results of the parametric analyses are shown in 

Figure 4.2.5. These results plot the figure of merit described in Equation 4.2.11 of the 

hybrid structure versus each of the dimensions analyzed. As is shown from the analyses, 

the chosen dimensions for the third design variation of the hybrid structure do provide the 

highest desired performance. Effects of altering the dimensions of the hybrid structure 
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Figure 4.2.5: Parametric analyses of the hybrid structure dimensions: (a) surface patch sizes, (b) 
surface patch spacings, (c) structure thickness, and (d) ferrite cu lout sizes 

can be described by observing the equations developed to calculate the equivalent circuit 

model component values and the resulting surface impedance values. When adjusting the 

surface patch sizes and spacings, the capacitances created between the surface patches are 

altered. These capacitances are increased as the surface patch sizes increase and as the 

surface patch spacings decrease. When the capacitances created between the surface 

patches increase, the "EBG structure" region of operation is shi fled to a lower frequency 

range while the bandwidth of the "EBG structure" region of operation is decreased. The 

inductances created by the current loops are altered when adjusting the thickness of the 
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hybrid structure. These inductances are increased as the structure thickness increases. 

When the inductances created by the current loops increase, the "EBG structure" region 

of operation is shifted to a lower frequency range while the bandwidth of the "EBG 

structure" region of operation is increased. Additionally, when either the capacitances or 

inductances created by the hybrid structure are altered, the resistive component of the 

surface impedance is altered and, hence, the "ferrite absorber" region of operation is 

affected. When adjusting the ferrite cutout sizes, the capacitances created between the 

surface patches and the inductances as well as the resistances resulting from the current 

loops are altered. As the ferrite cutout size is increased, the capacitances and resistances 

are decreased while the inductances are increased. Thus, the size of the ferrite cutout 

alters each of the components of the equivalent circuit model and affects the resistive and 

reactive components of the surface impedance. 
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CHAPTER 5: ANALYSES OF ANTENNAS AND THE HYBRID STRUCTURE 

It has been shown through the reflectivity and phase analyses that the hybrid 

EBG/ferrite structure offers enticing operational characteristics as a low-profile, 

ultrawideband ground plane. However, to fully understand how the hybrid structure will 

perfonn as a ground plane, the implementation of the hybrid structure with bi -directional 

radiating antennas must be analyzed. Therefore, simulation analyses were perfonned to 

verify the effectiveness of the hybrid structure to provide the desired uni-directional 

radiation characteristics for bi-directional radiating antennas while maintaining optimal 

radiation efficiency. The first simulation analyses perfonned were to verify the 

effectiveness of the hybrid structure with narrowband antennas. These analyses entailed 

the simulation of two dipole antennas above the hybrid structure. One of the dipole 

antennas was designed to operate in the "ferrite absorber" region of operation while the 

other was designed to operate in the "EBG structure" region of operation. The second 

simulation analyses perfonned were to verify the effectiveness of the hybrid structure 

with ultrawideband antennas, specifically Raytheon's ultrawideband long slot array 

antenna [1]-[3]. 

5.1: Simulation Procedures and Considerations 

As with the case of the reflectivity and phase simulation analyses, while 

simulating the implementation of the hybrid structure with antennas, much attention was 

paid to the simulation procedures and many considerations were taken into account to 

ensure accurate simulations. 

For the implementation of the dipole antennas and a finite array of Raytheon's 

long slot array antenna elements with a finite array of the hybrid structure elements, 
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symmetry boundaries were implemented to reduce the simulation space to one quarter of 

its size, thus, reducing simulation complexity and increasing the probability of 

convergence while also reducing simulation run time. Ansoft states that to provide 

accurate radiation pattern results, the simulation space must be large enough that the 

radiation boundaries (the non-symmetry boundaries) are at least a quarter of a wavelength 

from the radiating elements. Consequently, the simulation space needed to be 

sufficiently large to allow the radiation boundaries to be greater than a quarter of a 

wavelength from the radiating elements at the lower frequencies of operation. To meet 

these criteria, the simulation space was set to have a length, width, and height so as to 

provide for a spacing from the radiating elements of at least one half of a wavelength at 

the lowest frequency simulated. To verify the accuracy of the simulation space for the 

frequencies of interest, half wavelength dipole antennas were simulated in free space at 

the frequencies of interest. Much attention was paid to the simulation mesh to provide 

the correct directivity for the dipole antennas at each frequency. The verified simulation 

space and mesh seeding were then used for the simulation of the dipole antennas and the 

finite array of Raytheon's long slot array antenna elements placed above the finite array 

of the hybrid structure elements. A hybrid structure with at least 9 x 9 elements was 

implemented because the ground plane placed below the antennas needed to be large 

enough to provide uni-directional radiation without too much fringing around the edges 

of the ground plane while also being a size that allowed the simulations to converge. 

For the second implementation of Raytheon's long slot array antenna with the 

hybrid structure, master and slave boundaries were implemented to reduce the simulation 

space to the size of one unit cell of the array antenna and hybrid structure 
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implementation, thus, reducing simulation complexity and increasing the probability of 

convergence while also reducing simulation run time. Elements of Raytheon's long slot 

array antenna were placed above a single element of the hybrid structure and master and 

slave boundaries were used to simulate an infinite array of the combination. The return 

loss of the combination was calculated for an infinite array of the unit cells. The 

directive gain of the combination was initially calculated for a unit cell. Therefore, the 

directive gain of any size array of the unit cells can be calculated by multiplying the 

single unit cell directive gain by an array factor. To verify the accuracy of the return loss 

results as well as the directive gain results of this setup, a simulation for comparison 

purposes was performed on Raytheon's long slot array antenna [1], [2] placed above a 

PEe ground plane. The element widths and lengths of the long slot array presented in [2] 

were 6.25 cm and the slot widths were 2.5 cm while the element widths and lengths of 

the long slot array presented in [1] were 27.94 cm and 28.03 em, respectively, and the 

slot widths were 13.97 cm. As Figure 5.l.lb and 5.l.1c depict, the results obtained using 

Ansoft's HFSS match the results presented in [1], [2], thus, validating the Ansoft HFSS 

simulation space and method. 

5.2: Dipole Antennas and the Hybrid EBGlFerrite Structure 

To perform the analyses on the effectiveness of the hybrid EBG/ferrite structure 

with narrowband antennas, two half wavelength dipole antennas were simulated above 

the hybrid structure. The dipole antennas were placed above and parallel to the hybrid 

structure as depicted in Figure 5.2.1a The hybrid structure implemented in these 

analyses was an 11 x 11 element array. One dipole antenna was designed to operate in 

the "ferrite absorber" region of operation at O.S GHz while the other dipole antenna was 
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designed to operate in the "EBG structure" region of operation at 2.4 GHz. Additionally, 

for comparison purposes, a dipole antenna designed to operate at 0.5 G Hz was simulated 

in free space. The radi ation pattern of the dipole an tenna in free space as well as the 

radiation patterns of the dipole antennas placed at one fiftieth of a wavelength above the 

hybrid structure can be seen in Figure 5.2. 1 b. As Figure 5.2.1 b depicts, the dipole 

antennas above the hybrid structure produce uni-directional radiation patterns. From this 

it can be seen that the hybrid structure performs effecti vely as a ground plane for bi-

directional radiating types of antennas. It should also be noted that there is an increase in 
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the gain of the dipole antenna above the hybrid structure operating in the "EBG structure" 

region of operation over that of the dipole antenna in free space. This is due to the 

significant amount of reflection from the hybrid structure. Because the phase of the 

reflected radiation is maintained in the range between ±90° in this region of operation, 

the interference between the reflected radiation and the forward radiation, though not 

totally constructive, is not destructive. From Figure 5.2.1 b it can also be seen that the 

gain of the dipole antenna above the hybrid structure operating in the "ferrite absorber" 

region of operation is lower than that of the dipole antenna in free space. Through 

simulation analyses it was determined that this is due to interactions between the antenna 

and the surface of the hybrid structure. It should be noted that this effect is not due to an 

impedance mismatch at the feed of the dipole antenna. The return loss at the feed of the 

dipole antenna above the hybrid structure at 0.5 GHz is -38dB. To illustrate the effect of 

these interactions, a comparative analysis of the dipole antenna designed for 0.5 GHz was 

performed for the antenna in free space and at one fiftieth of a wavelength, one twenty

fifth of a wavelength, and one tenth of a wavelength above the hybrid structure. The 

simulation results of this analysis, shown in Figure 5.2.1c, show that the detrimental 

interactions are reduced as the antenna is moved further away from the hybrid structure. 

Thus, there is a clear tradeoff between the profile of the dipole antenna and hybrid 

structure implementation and the gain of the implementation in the "ferrite absorber" 

region of operation. 
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Figure 5.2.1: (a) Dipole antenna above the hybrid EBG/ferrite st ructure, (b), and (c) radiation 
patterns of a dipole antenna in free space and above the hybrid EBGlfe rrite structure 

5.3 : Raytheon's Long Slot Array Antenna and the Hybrid EBG/Ferrite Structure 

Raytheon ' s long slot array antenna was simulated above the hybrid EBG/ferrite 

structure to perform the analyses on the effectiveness of the hybrid structure wi th 

ultrawideband antennas. These analyses were performed by simulating Raytheon ' s long 

slot array antenna at 0.25 cm above the hybrid structure, as depicted in Figure 5.3. 1, and 

observing various antenna performance parameters over the operational bandwidth of the 

hybrid structure. 
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Figure 5.3.1: Raytheon 's long slot array antenna above the hybrid EBG/ferrite structure 

Raytheon ' s long slot array antenna consists of an array of long slots that are 

periodically fed at the "Nyquist" interval which is equal to one halfofa wavelength at the 

highest frequency of operation. The slots are excited by the Ii gap type of feeds which 

can be realized by an array of connected dipoles that are positioned orthogonal to the 

direct ion of the slots which results in a push-pull feed setup. Analysis of a single long 

slot that is fed by an array of Ii gap type of feeds spaced at the "Nyquist" interval 

indicated an input impedance that has a significant increase at lower frequencies, thus, 

indicating frequency dependent operation. However, as more long slots are implemented 

and as the 2-D array is ex tended towards infinity in the 2-D plane, the input impedance 

becomes less frequency dependent and, thus, indicates more of a frequency independent 

operation. The bandwidth becomes virtually uIllimited as the size of the 2-D array 

approaches infinity. This is because the long slots tend to radiate a cylindrical wave and 

as more long slots are added to the array and as the long slots are increased in length, the 

radiation from the long slots combines coherentl y resulting in a plane wave. Plane waves 

in free space are characterized by impedances that are freq uency independent [1] -[3]. 
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As mentioned previously, simulation analyses were performed on the 

implementation of Raytheon's long slot array antenna at 0.25 cm above the hybrid 

structure. The effectiveness of the hybrid structure to perform as an ultrawideband 

ground plane was then determined through observation of various antenna performance 

parameters over the operational bandwidth of the hybrid structure. It should be noted that 

Raytheon's long slot array antenna was fed for simulations using lumped port excitations 

in Ansoft's HFSS which represent the Ii gap type offeeds. The first performance 

parameter observed was the radiation pattern of a finite array of Raytheon's long slot 

array antenna elements above a finite array of the hybrid structure elements. This was 

done to determine the effectiveness of the hybrid structure to provide the desired nni

directional radiation characteristics for an ultrawideband, bi-directional radiating antenna 

The hybrid structure implemented in this analysis was a 9 x 9 element array. As shown 

in Figure 5.3.2, the hybrid structure indeed provides the desired nni-directional radiation 

characteristics. The second performance parameter observed was the radiation 

characteristics of a single nnit cell of the long slot array antenna and hybrid structure 

combination which consisted of 4 x 4 elements of Raytheon's long slot array antenna 

simulated above a single element of the hybrid structure. As was described previously, 

periodic boundary conditions were used in Ansoft's HFSS to simulate an infinite array of 

this combination and the radiation characteristics were calculated for a single nnit cell. 

The directive gain versus frequency for the long slot array antenna above the hybrid 

structure was compared to the theoretical maximum directive gain for an unbacked long 

slot array as shown in Figure 5.3.3. The theoretical maximum directive gain for an 
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Figure 5.3.3: Directive ga in and return loss of Rayth eon's long slot array antenna above the 
hybrid EBGlferrite structure 

unbacked long slot array can be derived from the equation for directivity, Equation 5.3.1 

where 11A is the beam area. 

(5.3.1) 

The power radiated from an aperture can be expressed by eilher Equation 5.3.2 or 

Equation 5.3.3 where Ea is the constant electric fie ld intensity in the aperture, E, is the 

electric field intensity al a di stance r, A is the aperture area, and '1 is the intrinsic 

impedance of the medium. 
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p=!EJ A 
1/ 

p= !El r2QA 

1/ 

(5.3.2) 

(5.3.3) 

It is known that Ea and Er are related by Equation 5.3.4 where A. is the wavelength. 

Equation 5.3.5 can be derived by substituting Equation 5.3.4 into Equation 5.3.3 and 

equating Equations 5.3.2 and 5.3.3. 

(5.3.4) 

(5.3.5) 

Equation 5.3.5 can be substituted into Equation 5.3.1 resulting in Equation 5.3.6. 

D= 4n;4 
;,} 

(5.3.6) 

In the case of an unbacked long slot array antenna, the aperture is radiating the power in 

two directions and, thus, the theoretical maximum directive gain in the forward direction 

for an unbacked long slot array can be calculated from Equation 5.3.7 where A is the area 

of the antenua and A. is the wavelength of the frequency of operation. 

(5.3.7) 

Figure 5.3.3 shows, as was seen with the case of the dipole antenua simulations, there is 

an increase in the directive gain of the long slot array antenna above the hybrid structure 

operating in the "EBG structure" region of operation over the theoretical maximum 

directive gain of the long slot array antenna in free space. This is again due to the 

significant amount of reflection from the hybrid structure. Because the phase of the 
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reflected radiation is maintained in the range between ±90° in this region of operation, 

the interference between the reflected radiation and the forward radiation, though not 

totally constructive, is not destructive. Figure 5.3.3 also shows that in the "ferrite 

absorber" region of operation, the directive gain of the long slot array antenna and hybrid 

structure implementation is slightly less than the theoretical maximum directive gain of 

the long slot array antenna in free space. This is, as with the case of the dipole antenna, 

due to the proximity of the antenna to the hybrid structure in the "ferrite absorber" region 

of operation. The third performance parameter observed was the return loss 

characteristics, shown in Figure 5.3.3, for the feed system of the long slot array antenna 

above the hybrid structure. The feed system of the long slot array antenna uses a push

pull feed setup with a 50 n input impedance for both the push and pull feed arms. This 

push-pull feed setup provides for a match to the input impedance seen at the slot of 100 

n. The return loss characteristics verify that the implementation of Raytheon's long slot 

array antenna and the hybrid structure provide acceptable operational performance over a 

40.5: 1 bandwidth ranging from 120 MHz to 4.86 GHz. From the simulation results it can 

be concluded that the hybrid EBG/ferrite structure performs as an effective ground plane 

when implemented with ultrawideband antennas. 

5.4: Effective s'" and Jl'" ofthe Hybrid EBG/Ferrite Structure 

As previously described, the slots of Raytheon's long slot array antenna are 

excited by an array of feed elements that are spaced at the "Nyquist" interval which is 

equal to one half of the wavelength at the highest frequency of operation. Therefore, it is 

critical to determine the effective complex electric permittivity and magnetic 

permeability of the structure being used to back the long slot array antenna Knowledge 
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of these important electric permittivity and magnetic permeability properties can ensure 

the structure being used to back the long slot array antenna will not load the antenna in a 

way as to require an inefficient number of feed elements to meet the "Nyquist" interval 

spacing requirement. 

The first method used to determine the effective complex electric permittivity and 

magnetic permeability of the hybrid structure entailed an analytical approach. The 

effective complex electric permittivity and magnetic permeability of the hybrid structure 

were calculated using a combination of volume mixture theory and Clavijo's approach 

presented in [20]. 

As described in [20], a means for calculating the effective complex electric 

permittivity and magnetic permeability of the surface patch portion of the hybrid 

structure can be best derived by first considering the TM case of a plane wave impinging 

upon the surface patch array. If the surface patch array is in the x-y plane and the electric 

fields of the plane wave impinging upon the surface are in the x-z plane and the magnetic 

fields are in the y direction, it can be seen that the electric fields nearly vaoish in the gaps 

between the patches that are parallel to the x direction. Therefore, the surface patch array 

can be simplified to a strip array with the strips oriented parallel to the y direction. The 

input admittance of this type of structure, as described in [21], is shown in Equation 5.4.1 

where Yo is the admittance of free space, p is the periodicity of the strips, kzo is the 

propagation constant of the incident plane wave in the z direction, and g is the gap width 

between the strips [20]. 

(5.4.1) 
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If the strip array has a thickness of t, the input admittance can also be described by 

Equation 5.4.2 where err is the x component of the relative electric permittivity [20]. 

Yin '" Yo [1 + je",kzot] (5.4.2) 

Through comparison of Equations 5.4.1 and 5.4.2, it can be determined that err can be 

described by Equation 5.4.3. 

(5.4.3) 

Because the surface patch array is supported by a substrate with an electric permittivity, 

Equation 5.4.3 is increased by a factor equal to the average of the electric permittivity 

surrounding the surface patch array as shown in Equation 5.4.4 which can be reduced to 

Equation 5.4.5. 

(5.4.4) 

(5.4.5) 

The derivation for the TE case of the plane wave impinging upon the surface patch array 

is similar and the input admittance can be described by Equation 5.4.6 where ery is the y 

component of the relative electric permittivity and fin is the z component of the relative 

magnetic permeability [20]. 

(5.4.6) 

The cosine and sine terms cannot exist for Equation 5.4.6 to be equal to Equation 5.4.1. 

Equations 5.4.7 and 5.4.8 must be true for this condition to occur. 
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1 
Ii =-
'" Jlrz 

(5.4.7) 

(5.4.8) 

The relationship of the tangential electric permittivity and normal magnetic permeability 

described in Equation 5.4.7 can be visualized by the fact that the tangential electric fields 

in the x-y plane are concentrated by the strip array while the normal magnetic fields are 

squeezed. The realization that the strip array can guide a TEM wave along the length of 

the strips as a multi-conductor transmission line validates the relationship described in 

Equation 5.4.7. The propagation velocity within a medium is inversely proportional to 

the square root of the product of the electric permittivity (e) and magnetic permeability 

(jl) of the medium as described in Equation 5.4.9. 

1 
vp = ~Jl& (5.4.9) 

The propagation velocity is constant if the strip array is surrounded on both sides by 

mediums with isotropic material properties. Thus, to maintain the correct propagation 

velocity, if the tangential electric permittivity is increased by the concentration of energy 

at the edges of the strips then the normal magnetic permeability must be decreased by the 

same fuctor and vice-versa as shown in Equation 5.4.7. As described previously, because 

the surface patch array is supported by a substrate with an electric permittivity, Equation 

5.4.8 is increased by a factor equal to the average of the electric permittivity surrounding 

the surface patch array as shown in Equation 5.4.10 which can be reduced to Equation 

5.4.11. 
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(5.4.10) 

(5.4.11) 

Therefore, Equations 5.4.12 and 5.4.13 can be used to calculate the effective complex 

electric permittivity and complex magnetic permeability, respectively, of the surface 

patch portion of the hybrid structure where Wp is surface patch width, WE is the element 

width, t p is the surface patch thickness, limb is the effective electric permittivity of the 

air/ferrite substrate supporting the hybrid structure, and Jimb is the effective magnetic 

permeability of the air/ferrite substrate supporting the hybrid structure. Equation 5.4.13 

can be explained by the fact that the surface patch portion of the hybrid structure does not 

affect the tangential magnetic fields, thus, resulting in no effect on the magnetic 

permeability. 

(5.4.12) 

(5.4.13) 

As described in [20], a means for calculating the effective complex electric 

permittivity of the air/ferrite substrate and via portion of the hybrid structure can be best 

described using the 2-D Clausius-Mossotti expression [22] shown in Equation 5.4.14 

where a is the tangential component of the polarizability, n is the unit celI area, and lirl is 

the tangential component of the effective relative electric permittivity. 

n (6 -1) 
a=271 6:+1 

(5.4.14) 
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The tangential polarizability can also be expressed by Equation 5.4.15 where r is the 

radius of the metallic vias. 

1 2 a=-r 
2 

(5.4.15) 

Substituting Equation 5.4.15 into Equation 5.4.14 results in Equation 5.4.16 which can be 

rearranged to the form of Equation 5.4.17 and 5.4.18 where Pis the ratio of the cross 

sectional area of the vias to the unit cell area. 

21l1'2 
1+--

8 = a 
" 21l1'2 
I-

a 

I+P 
8 =--
" 1-P 

(5.4.16) 

(5.4.17) 

(5.4.18) 

Because the via portion is supported by the air/ferrite substrate that has an effective 

electric permittivity. Equation 5.4.18 is increased by a factor equal to the effective 

electric permittivity of the air/ferrite substrate as shown in Equation 5.4.19. 

(5.4.19) 

A means for calculating the effective complex magnetic permeability of the air/ferrite 

substrate and via portion of the hybrid structure can be best described using the same 

argument discussed for Equation 5.4.7 as shown in Equation 5.4.20 [20]. 

(5.4.20) 
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Finally, by using volume mixture theory, the effective complex electric permittivity and 

magnetic permeability of the overall hybrid structure can be calculated as shown in 

Equations 5.4.21 and 5.4.22 where Pp is the volume percentage of the patch portion and 

Ps is the volume percentage of the air/ferrite substrate portion. 

EH = PpEp + PsEs 

Ji'H = PpJ.l-p + PsJ.l-s 

(5.4.21) 

(5.4.22) 

The second method used to determine the effective complex electric permittivity 

and magnetic permeability of the hybrid structure entailed an optimization approach. The 

global optimization software package provided by Tomlab as an add-on for Matlab [19] 

was used for this method. To determine the effective complex electric permittivity and 

magnetic permeability of the hybrid structure using the optimization software package, 

the surface impedance of the hybrid structure was first calculated from the reflectivity 

and phase analyses results determined using Ansoft's HFSS. Then, using the 

optimization software with starting values equal to the analytically calculated effective 

complex electric permittivity and magnetic permeability values, the optimal effective 

complex electric permittivity and magnetic permeability of the hybrid structure were 

determined from the calculated surface impedance values of the hybrid structure. 

Figure 5.4.1 shows a comparison of the effective complex electric permittivity 

and magnetic permeability determined using the two previously described methods. As 

the comparison shows, the results for both methods match well, thus, verifYing the 

accuracy of both methods. More importantly, the low values of the effective complex 

electric permittivity and magnetic permeability shown in Figure 5.4.1 are to be noted. 

These results indicate that the hybrid structure will not significantly load Raytheon's long 
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Figure 5.4.1: Effective E' and II ' of the hybrid ERG/ferrite struct ure 

slot array antenna, requiring an unacceptabl y large number of feed elements. It can be 

seen, through the determination of the effective complex electric permittivity and 

magnetic permeability of the hybrid structure, the hybrid structure will not load antennas 

in an undesirable manner. 
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CHAPTER 6: .EXPERIMENTAL ANALYSES OF THE HYBRID STRUCTURE 

Thus far, through simulation analyses, it has been demonstrated that the 

developed hybrid EBG/ferrite structure provides ultrawideband operation begilUung in 

the hundreds of megahertz. However, as with any developed technology, it is important 

to experimentally test the hybrid structure and validate the performance of the structure. 

Therefore, a prototype of the hybrid structure was fabricated and two important 

properties of the structure were measured. The measured hybrid structure properties 

include the reflection properties, magnitude or reflectivity and phase, as well as the 

surface transmission properties. 

6.1: Fabrication of the Hybrid EBG/Ferrite Structure 

EIS-Lindgren's FT-2000 ferrite absorber, square stain less steel washers, stainless 

steel machine screws, and a sheet of one quarter inch thick aluminum were used to 

fabricate the hybrid EBGIti:rrite structure as shown in Figure 6.1.1. EIS-Lindgren 

Figure 6.1.1: Fabricated hybrid EBG/ferrite structure 

provides preformed ferrite absorber in 10 cm x 10 cm tiles that are 6.7 mm thick. 

Therefore, a 4 x 4 array of ferrite absorber tiles was implemented to fabricate a lOx 10 
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array of the hybrid structure unit cells. The ferrite tiles come from ETS-Lindgren with 

only a hole cut in the center with a diameter of I cm. This hole is used for mounting the 

ferrite absorber til es . However, an array of 15 mm x 15 mm squares needed to be cut 

from the fe rrite absorber for the hybrid structure design. Ferrite absorber is very hard and 

very brittle and, thus, very hard to mill. A water jet cutler was employed to mill the 

needed array of squares. Additionall y, a slit needed to be cut in the middle of the ferrite 

tile array to allow the hybrid structure to be properl y mounted in the test bed. The water 

jet cutter was also used to cut thi s sli t. Square stainless steel washers and stainless steel 

machine screws were used to fabricate the "mushroom" protrusions of the mushroom 

type EBG structure portion of the hybrid design. A one quarter inch thick sheet of 

aluminum was cut to 49 cm x 49 em to be used as the ground plane of the hybrid 

stTucture. An array of l Ox 10 screw holes was tapped in the one quarter inch thick 

aluminum sheet. These screw holes were for mounting the "mushroom" protrusions on 

the ground plane. Once the ferrite absorber til es were cut, the aluminum sheet was cut, 

and the holes were tapped in the aluminum sheet, the ferrite absorber tiles were mounted 

on the aluminum sheet using spray adhesive. After mounting the ferrite absorber ti les on 

the aluminum sheet, the dimensions of the ferrite absorber tile array were measured to 

verify the structure would mount with the test bed properly. Diamond coated sandpaper 

was used to remove the necessary ferrite absorber from the edges of the ferrite absorber 

tile array as we ll as fro m the slit cut from the ferrite absorber tiles so that the structure 

could mount with the test bed properl y. Once it was determined that the structure could 

mount with the test bed properl y, the stainless steel washer and screw "mushroom" 

protrusions were mounted to the al uminum sheet via the tapped screw holes. 
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6.2: Experimental Reflectivity and Phase Analyses 

It would be inefli cient and certainly challenging to use a free space method to 

experi mentally measure the refl ection properties, reflectivity and phase, of the hybrid 

EBG/ferrite structure at the desired lower frequencies. It is suggested that the surface 

under test (SUT) be at least lOA x I OJ. at the lowest frequency of interest to implement a 

free space method [23). To cover the desi red low frequency limit of 100 M Hz, 

measurements would require the fa brication of a hybrid structure that is at least 30 m x 30 

m which is too large for practical purposes. Therefore, a transverse electromagneti c 

(TEM) cell was designed and fabricated to measure the refl ection properti es of the hybrid 

structure. A TEM cell consists of a flared square coaxial line and the use of a TEM cell 

prov ides for the propagation of a TEM wave with no low- frequency cutoff as with typical 

coaxial line, thus, enabling the emulation of a free space wave. By implementing a TEM 

cell to measure the refl ection properties of the hybrid structure, reasonable accuracy can 

be obtained for the measurements while using a hybrid structure of practical dimensions. 

6.2.1: TEM Cell Design and Characterization 

The TEM cell des ign includes three detachab le outer conductor sections and two 

interchangeable center conductors to allow for easy transition between the desired uses. 

These uses include re llection measurements which will be used for the experimental 

analyses of the hybrid structure as well as refl ection and transmission measurements. 

Renderings of the configurations for the two desired uses are shown in Figure 6.2.1. The 

entire TEM cell was fabricated from aluminum to provide optimal performance while 

being reasonably lightweight. The middle section is a 40 cm x 40 cm x 80 cm long 

section of the square outer conductor and thin-septum center conductor coaxial 
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(a) (b) 

Figure 6.2.1: (a) Rcn.ction and transmission measurements configuration of the TEM cell and (b) 
reflection measurements configuration of the TEM cell 

configuration. The cross section size, 40 cm x 40 cm, was chosen in part because ETS-

Lindgren ' s ferrite absorber comes in 10 cm x 10 cm tiles. With the limited ferrite milling 

capabilities available, it would be most efficient and cost effective to choose a size where 

minimal ferrite milling was necessary. The square outer conductor portion of the middle 

section, shown in Figure 6.2.2a, was fabricated from four one quarter inch thick 

aluminwn sheets welded together with a one half inch thick flange welded on each end 

for attaching the middle section to the two outer sections. The thin-septum center 

conductors were cut from one eighth inch thick aluminum sheets as shown in Figure 

6.2.2b. The two end sections of the outer conductor are 40 cm long tapered sections that 

taper from the 40 cm x 40 cm middle section to the dimensions of a 1-5/8" EIA flange. 

This allows for the use of a 1-5/8" EIA flangelN-type adapter to connect the TEM cell to 

the network analyzer. The two outer sections, shown in Figure 6.2.2c, were each 

fabricated from four one quarter inch thick aluminum sheets welded together. Each outer 

section has a one half inch thick flange welded on to one end for attaching the outer 

sections to the middle section and a transition section welded on the other end for 

transitioning from the square coaxial configuration to the circular coaxial configuration 

99 



(a) (b) 

(c) 

Figure 6.2.2 : (a) Center section of the TEM cell, (b) center conductors of the TEM cell , and (c) 
end sections of the TEM cell 

of the 1-5/8" EIA flange/N-type adapters. All three sections of the TEM ce ll were 

designed to have a characteristic impedance of 50 n and, hence, provide a good 

impedance match to the network analyzer. 

Once fabricated, the performance of the TEM cell was experimentall y analyzed to 

determine the operational characteri sti cs . The experimental resu lts of the TEM cell in the 

two port configurat ion are shown in Figure 6.2.3. As is depicted in the experimental 

results, there is degradation in the TEM ce ll performance at frequencies as low as 

approximately 500 MHz. This performance degradation is due to reflections encountered 

at the various junctions as well as higher-order modes being excited at the junctions and 

propagating in the TEM cel l. While designing the TEM cell , higher-order modes were 

not taken into account for the simulation analyses of the design. However, after seeing 
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Figure 6.2.3: Experimental results of the designed TEM cell in the two port configuration 

discrepancies between the simulated and measured reflectivity data for the hybrid 

structure, further analyses on the excitation and propagation of higher-order modes in the 

TEM cell were conducted using Ansoft' s HFSS. These were done by simulating the 

excitation of higher-order modes in the center section of the TEM cell and observi ng the 

propagation constant for each mode while also observing the fi e ld strengths for each of 

the modes relative to the field strength of the dominant mode. As shown in Figure 6.2.4a, 

higher-order modes can begin to propagate in the designed TEM cell at frequencies as 

low as about 200 MHz. The electric field configurations for each of the modes shown in 

Figure 6.2.4 are shown in 6.2.5. The field strengths of the higher-order modes, except for 

the third higher-order mode, are very low compared to the dominant mode and can, thus, 

be considered negligible. It is important to note that the third higher-order mode can 

begin to propagate at approximately 475 MHz. As Figure 6.2.4b depicts, the rat io of the 

field strength of the third higher-order mode to the field strength of' the dominant mode 

approaches -20dB whi le the ratio of the fie ld strengths of the other higher-order modes to 

the field strength of the dominant mode stay below -40dB. Additionally, a comparative 

analysis of the reflecti vity and phase analyses simulation results for the ferrite absorber 
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Figure 6.2.4: <a) TEM cell mode phase cOllsta nt an a lysis a nd (b) TEM celllllode field strength 
analysis 

acquired using three different coaxial transmission line configurations was conducted 10 

detemline if the fringing fields between the edges of the thi n-septum cenler conductor 

and the side walls of the square outer conductor affect the accuracy of the measurement 

results. The fi eld distribution for the dominant TEM mode of the designed TEM cell is 

shown in Figure 6.2.Sb where the aforementioned fringing fields are depicted. The three 

coaxial transmission line configurations, shown in Figure 6 .2.6, include the thin-septum 

center conductor and square outer conductor configuration of the designed TEM cell , the 

round center conductor and round outer conductor configuration, and the square center 

conductor and square outer conductor configuration. As it can be seen in Figure 6.2.7 

fro m the refl ecti vity and phase analyses simulation results, the fringing fi elds between the 

edges of the thin-septum center conductor and the side walls of the square outer 

conductor do not affect the accuracy of the results. 
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Figure 6.2.5: TEM cell (aj domin. ntmode configuration, (bj dominant mode fi eld distribut ion, (cj 
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(b) (c) 

Figure 6.2.6: Coaxial transmission line configurations: (a) thin-septum center conductor/square 
outer conductor, (b) round ccnter conductor/round outer conductor, and (c) sq uare center 
conductor/square outer conductor 
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Figure 6.2.7: Reflectivity and reflection phase results for the three coaxial tran smission line 
configurations terminated with ferrite absorber 

6.2.2: Reflectivity and Phase Analyses Measurement Procedure 

To ensure accurate experimental reflectivity and phase analyses results, IEEE 

Standard 1128-1998: IEEE Recommended Practice for Radio-Frequency (RF) Absorber 

Evaluation in the Range of30 MHz to 5 GHz [23] was referred to for the test procedure 

used to perform the reflectivity and phase analyses measurements on the fabricated 

hybrid EBG/ferrite structure. The experimental setup for these measurements can be 

seen in Figure 6.2.8. To start the reflectivity and phase analyses measurements, a full 

one-port S]] calibration was perfomled on the network analyzer at the cable connecter 

that connects to the excitation port of the TEM cell. The TEM cell was then terminated 

with a metallic shorting plate as the SUT. Time gating was then used to discriminate the 
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Figure 6.2.8: Test setup for the reflectivity and phase analyses measurements of the fabricated 
hybrid EBC/ferrite structure 

reflection [Tom the SUT from other undesired reflections. The time gated and ungated 

results for the TEM cell terminated with the metallic shorting plate are shown in Figure 

6.2.9a. The time gated reflection coefficient measurements for the metall ic plate were 

stored as the reference fo r subsequent results calculations. The metallic shorting plate 

was then replaced with the hybrid structure as the SUT. As with the metallic shorting 

plate, time gat ing was used to discriminate the re flection from the SUT fTom other 

undesired re flections. The time gated and ungated results for the TEM cell terminated 

wi th the hybrid structure are shown in Figure 6.2.9b. As it is clear to see from the time 

gated and un gated results for the TEM cell terminated by both the metallic shorting plate 

and the hybrid structure, the time gating effecti vely removes from the results the 

unwanted noise created by the undesired reflections in the TEM cell. The reflectivity of 

the hybrid structure is calculated by taking the ratio of the magnitude of the re fl ection 

coefficient of the hybrid structure to the magnitude of the reflection coefficient of the 

metallic shorting plate as described in Equation 6.2. 1 where r HS is the reflection 

coefficient of the hybrid structure and r MP is the reflection coefficient of the metallic 

shorting plate. 
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figure 6.2.9: Gated and ungated reflectivity resul ts for the TEM cell terminated with (a) the 
meta ll ic shorting plate and (b) the hybrid EBG/ferrite st ru ct ure 

(6.2.1) 

To determine the phase offset at the surface of the hybrid structure, twice the electri cal 

di stance to the surface of the hybrid structure (DE), taking into account for the round trip 

to and from the SUT, for each frequency point is subtracted from the phase of the 

measured re fl ection coeffi cient of the hybrid structure as described in Equation 6.2 .2. 

(6.2.2) 

The physical distance to the surface of the hybrid structure is determined by subtracting 

the thickness of the hybrid structure from the phys ical di stance to the metallic shorting 

plate which is determined from the time domain re fl ection coeffi cient results of the 

metallic shorting plate . Since the TEM ce ll is air fill ed, the ca lcul ation o f the electrical 

distance from the physical distance (Dp) for each fTequency point is straight forward as 

shown in Equation 6_ 2_3 where ,( is the wavelength _ 

(6.2.3) 
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6.2.3: Reflectivity and Phase Analyses Experimental Results 

As was shown through the characterization of the TEM cell, the TEM cell 

performance begins to degrade at around 500 MHz and this degradation is due to 

reflections encountered at the various junctions as well as higher-order modes being 

excited at the junctions and propagating in the TEM cell. The result of the TEM cell 

performance degradation is that the accuracy of the reflectivity and phase analyses 

measurement results from the TEM cell at higher frequencies is reduced. Therefore, the 

reflection properties of the hybrid structure were not measured over its entire expected 

operational bandwidth. The reflection properties of the hybrid structure were measured 

over the frequency range of 100 MHz to 2 GHz. A good indication of the reflection 

properties of the hybrid structure was obtained from the experimental analyses. 

Results of the experimental reflectivity and phase analyses for the hybrid structure 

are shown in Figure 6.2.10. These presented results include the simulation results which 

consist of a simulated infinite array of the hybrid structure and a simulated experimental 

test setup including the TEM cell as well as the experimental results. The phase analysis 

comparison, shown in Figure 6.2.10, shows good agreement between the measured and 

simulated data while the reflectivity analysis comparison, shown in Figure 6.2.10, shows 

good agreement between the measured and simulated data at the lower frequencies with 

the measured and simulated data diverging at the higher frequencies. Because of the low 

field intensities, the reflectivity is less than -12dB, very little noise can cause noticeable 

measurement errors. The discrepancy in the reflectivity results is believed to be due to 

the excitation and propagation of higher-order modes in the TEM cell. As was shown in 

the characterization of the TEM cell, the higher-order mode that has the highest field 
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Figure 6.2.10: Experimental renectivity an d renection phase results of the hybrid EBG/ferr ite 
structure 

strength is the third higher-order mode as shown in Figure 6.2.4b. The third higher-order 

mode begins to propagate in the TEM cell at approximately 475 MHz, as shown in Figure 

6.2.4a, which corre lates well with the point that the measured and simulated reflectivity 

data begin to diverge. This correlation leads us to believe that the di screpancy between 

the measured and simulated reflectivity data is indeed due to the excitation and 

propagation of the third higher-order mode in the TEM cell. 

As described previously, the reflection properties of the hybrid structure were 

only experimentally measured up to 2 GHz because of the inaccuracies in the 

measurements provided by the TEM cell that are introduced by the excitation and 

propagation of higher-order modes in the higher frequency ranges. Future plans include 

the development of a smaller TEM cell for experimentally measuring the reflection 

properties of the hybrid structure in the frequency band above 2 GHz. However, it is 

important to note the critical tradeoff between the measurement accuracy provided by the 

TEM cell and the room avai lable for the hybrid structure being tested. Less hybrid 

stTucture elements can be included in the analyses as the size of the TEM cell is 
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decreased to reduce the propagation of higher-order modes and increase the measurement 

accuracy in the higher frequency ranges. Therefore, it needs to be determined what are 

the minimal dimensions of the hybrid structure that will provide the operational 

characteristics indicated by the simulation analyses and if these dimensions are small 

enough to allow for a TEM cell of dimensions that will provide accurate measurement 

results in the higher frequency ranges. 

6.3: Experimental Surface-Wave Suppression Analyses 

Surface-wave transmission or suppression can be measured by observing the 

amount of energy transmitted between two linearly polarized antennas placed at either 

edge of the SUT. Additionally, two modes of surface-wave transmission can be 

measured. TM surface-wave transmission can be measured when the antennas are 

oriented in a way as to produce electric fields in the vertical direction and TE surface

wave transmission can be measured when the antennas are oriented in a way as to 

produce electric fields in the horizontal direction. It is known that a surface with an 

inductive surface impedance (positive reactance) supports TM surface-waves while a 

surface with a capacitive surface impedance (negative reactance) supports TE surface

waves. As it has been shown, the hybrid structure provides an inductive surface 

impedance in the lower frequency band of the "EBG structure" region of operation and 

provides a capacitive surface impedance in the higher frequency band of the "EBG 

structure" region of operation. Therefore, the hybrid structure should inherently suppress 

TE surface-waves in the lower frequency band of the "EBG structure" region of 

operation and inherently suppress TM surface-waves in the higher frequency band of the 

"EBG structure" region of operation. 
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6.3.1: Surface-Wave Suppression Analyses Measurement Procedure 

To ensure accurate experimental surface-wave suppression results, the methods 

described in [12] , [17] were referred to for the test procedure used to perform the surface-

wave transmission measurements on the fabricated hybrid EBG/ferr ite structure. The 

experimental setup for these measurements can be seen in Figure 6.3.1. As is depicted in 

Figure 6.3.1: Test setup for the surface-wave transmission measurem ents of the fabricated hyb rid 
ERG/ferrite structure 

Figure 6.3. 1, the experimental setup for these measurements entailed placing the SUT on 

a piece of polyethylene foam absorber with another piece of polyethylene foam absorber 

mounted a small distance above the SUT. The purpose of the polyethylene foam 

absorber is to reduce the free space coupling between the measurement antennas to allow 

for more accurate measurements of the surface-wave transmission properties of the SUT. 

Furthermore, two measurement antennas were connected to the ports of the network 

analyzer and were mounted on opposite sides of the SUT. The measurement antennas 

implemented were two broadband flared hom antennas that provide operation from 700 

MHz to 18 GHz. To start the surface-wave transmission measurements, a full two-port 

calibration was performed on the network analyzer at the cable connecters that connect to 

the measurement antennas. The cables were then connected to the measurement antennas 

and the surface-wave transmission of the TM and TE modes were measured. The 
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measurement antennas were vertically polarized, producing electric fields oriented in the 

vertical direction, to measure the TM mode surface-wave transmission. Conversely, the 

measurement antennas were horizontally polarized, producing electric fields oriented in 

the horizontal direction, to measure the TE mode surface-wave transmission. 

Additionally, the surface-wave transmission properties of an electric conductor and the 

ferrite absorber backed by an electric conductor were measured for comparison purposes. 

6.3.2: Surface-Wave Suppression Analyses Experimental Results 

As was described previously, the measurement antennas implemented are rated by 

the manufacturer for operation over the frequency band of 700 MHz to 18 GHz. 

However, free space transmission analysis of the antennas indicates that the antenna 

performance degrades below approximately 800 MHz. The result of the antenna 

performance degradation is that the radiation efficiency of the antennas below 800 MHz 

is greatly reduced. Therefore, the surface-wave transmission properties of the hybrid 

structure were not measured over its entire expected operational bandwidth. The surface

wave transmission properties of the hybrid structure were measured over the frequency 

range of 800 MHz to 4 GHz. A good indication of the surface-wave transmission 

properties of the hybrid structure was obtained from the experimental analyses. 

Results of the experimental surface-wave transmission measurements for the 

hybrid structure are shown in Figure 6.3.2. These presented results include the 

measurement results of the hybrid structure and for comparison purposes the 

measurement results of an electric conductor as well as the measurement results of the 

ferrite absorber backed by an electric conductor. For the TM measurement case, the 

surface-wave suppression provided by the hybrid structure is shown to be at least 20dB 
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Figure 6.3.2 : Experimental surface-wave suppression resuits of the hybrid ERG/ferrite structure 

across the measured frequency band over the electric conductor with the surface-wave 

suppression exceeding 60dB in the "EBG structure" region of operation. It can be seen 

from Figure 6.3.2a that the TM surface-wave suppression provided by the hybrid 

structure is less in the lower frequencies as expected. However, even at the lower 

frequencies, the hybrid structure provides surface-wave suppression exceeding 20dB over 

the electric conductor due to the losses created by the ferrite absorber. Between 1.2 GHz 

and 1.3 GHz there is an increase in surface-wave suppression exceeding 25dB which 

indicates the edge of the TM surface-wave suppression band and corresponds well with 

the 1.39 GHz +900 reflection phase seen in the measured reflectivity and phase analyses. 

Additionally, it can be seen in Figure 6.3.2a that the surface-wave suppression provided 

by the hybrid structure begins to gradually decrease at the higher frequencies . This is due 

to cross coupling of the TM surface-waves to IE surface-waves. For the IE 

measurement case, the surface-wave suppression provided by the hybrid structure cannot 

be compared to the electric conductor since electric conductors do not faci litate tangential 

electric fields as described by the boundary conditions. However, it can be seen in Figure 
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6.3.2b that the TE surface-wave suppression provided by the hybrid structure is strong 

over a large frequency band at the lower frequencies and is on the same order as that 

provided for the 1M measurement case. As Figure 6.3.2b depicts, the surface-wave 

suppression gradually reduces at the higher frequencies because of a slight reduction in 

TE surface-wave suppression provided by the structure as expected, but more 

significantly because of an increase in free space coupling between the measurement 

antennas at the higher frequencies. 
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CHAPTER 7: ALTERNATIVE METAMATERIAL STRUCTURES 

As it has been shown, the designed hybrid EBG/ferrite structure provides 

ultrawideband perfonnance characteristics in a low-profile package. These 

ultrawideband characteristics that begin in the hundreds of megahertz are suitable for 

backing ultrawideband antennas for airborne RADAR and EW applications. The 

presented hybrid approach extends the operational bandwidth of two types of existing 

ground plane options, which include ferrite absorber and the mushroom type EBG 

structure, by combining the two into a hybrid structure. As described previously, the 

mushroom type EBG structure implemented in the presented hybrid design is an 

attractive teclmology to implement as a ground plane for low-profile, uni-directional 

radiating antenna systems. Because of their high surface impedance characteristics, these 

mushroom type EBG structures are able to emulate magnetic conductors which do not 

exist in nature. However, these mushroom type EBG structures or AMes have their 

limitations. The attractive magnetic conductor characteristics of the mushroom type EBG 

structures are band limited because the structures ouly offer a high impedance in a small 

band around a resonant frequency. Alternative approaches to the hybrid approach 

presented in this paper are being developed to improve the bandwidth of mushroom type 

EBG structures. These approaches include implementing ferrite material with the 

mushroom type EBG structure to widen the bandwidth where the structure provides the 

attractive magnetic conductor properties [18], implementing varactor diodes with the 

mushroom type EBG structure to create a variable capacitance and, thus, create an 

actively reconfigurable resonance for the structure [17], and by implementing "negative" 

inductances and "negative" capacitances that can be realized through the use of negative 
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impedance converters (NIC) with the mushroom type EBG structure to widen the 

bandwidth where the structure provides the attractive magnetic conductor properties [24]. 

For completeness, a brief description of each of these developing technologies win be 

presented. As it win be seen and as with most technologies, each of these approaches has 

certain advantages as wen as certain limitations. 

7.1: Magnetically Loaded Mushroom Type EBG Structure 

On the surface, the approach presented in [18] seems very similar to the presented 

hybrid approach. Ferrite material is placed on the ground plane of the mushroom type 

EBG structure to magnetically load the EBG structure in [18]. However, rather than 

using the lossy characteristics of ferrite absorber to create a hybrid approach, the 

magnetic properties oflow-loss ferrite are used to load the mushroom type EBG structure 

for bandwidth enhancement. As derived previously, the operational bandwidth of the 

mushroom type EBG structure is related to the capacitance and inductance of the 

structure by Equation 7.1.1. 

BW.= (7.1.1) 

From Equation 7.1.1 it can be seen that the bandwidth of the mushroom type EBG 

structure is proportional to the inductance of the structure. Therefore, the operational 

bandwidth can be increased by increasing the inductance of the structure. As is shown in 

Equation 7.1.2, the inductance of the mushroom type EBG structure is proportional to the 

magnetic permeability of the substrate supporting the structure. 

(7.1.2) 
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Thus, it can be seen by magnetically loading the mushroom type EBG structure with the 

ferrite material which has a large magnetic permeability, the operational bandwidth of the 

structure can be increased. The material used to magnetically load the mushroom type 

EBG structure in [18] was barium cobalt hexaferrite which through processing during 

fabrication was created to have a tangential magnetic permeability of 30 - jl and a 

normal magnetic permeability of I - jO.03 at around 200 MHz. As it can be seen, the 

implemented ferrite material is low-loss compared to the lossy ferrite absorber 

implemented in the presented hybrid structure. 

An operational bandwidth of2.25:1 was achieved via simulations with the 

magnetically loaded mushroom type EBG structure. This was a four fold increase in 

bandwidth compared to an unloaded mushroom type EBG structure of the same 

thickness. It is seen, from the analysis of the magnetically loaded mushroom type EBG 

structure in [18], that the bandwidth of the mushroom type EBG structure can indeed be 

increased through the implementation oflow-loss ferrite material. However, the 

operational bandwidths achievable via the approach presented in [18] are not broad 

enough to meet the specifications necessary for certain desirable antenna applications. 

7.2: Electronically ReconfIgUrabIe Mushroom Type EBG Structure 

The approach presented in [17] entailed the implementation ofvaractor diodes to 

create an electronically reconfigurable mushroom type EBG structure. For this approach, 

varactor diodes are implemented between the surface patches of the mushroom type EBG 

structure. The capacitances of the varactor diodes can be adjusted by adjusting the bias 

of the varactor diodes. Thus, a voltage controlled capacitance is created between the 

surface patches of the mushroom type EBG structure. As was described previously, the 
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surface patches of the mushroom type EBG structure have inherent fringing capacitances 

generated between them which can be calculated using Equation 7.2.1. 

(7.2.1) 

Therefore, the capacitances created by the varactor diodes are in parallel with the 

capacitances created inherently between the surface patches. Because capacitors in 

parallel add, the total capacitances seen between the surface patches is the sum of the 

capacitances created by the varactor diodes and the capacitances created inherently 

between the patches as shown in Equation 7.2.2. 

(7.2.2) 

Additionally, as seen previously, the resonant frequency of the mushroom type EBG 

structure can be calculated using Equation 7.2.3. 

(7.2.3) 

Thus, it can be seen the resonant frequency of the structure can be altered by varying the 

capacitance of the mushroom type EBG structure via the voltage bias applied to the 

varactor diodes. As it has been described, in a certain bandwidth around the resonant 

frequency of the mushroom type EBG structure, the structure provides a high impedance 

surface and, thus, emulates the desirable characteristics of a magnetic conductor. 

A bandwidth of 3.58: 1 was achieved via experimental measurements with the 

varactor diode loaded mushroom type EBG structure. It is seen, from the analysis of the 

varactor diode loaded mushroom type EBG structure in [17], that the instantaneous 

bandwidth of the structure can be shifted via a variable voltage bias. Thus, a mushroom 

type EBG structure with an increased effective bandwidth is achieved. However, as with 
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the magnetically loaded mushroom type EBG structure, the operational bandwidths 

achievable via the approach presented in [17] are not broad enough to meet the 

specifications necessary for certain desirable antenna applications. Additionally, the 

implementation of the voltage biased varactor diodes adds undesirable complexity to an 

otherwise passive system as well as increased weight. 

7.3: Negative Impedance Loaded Mushroom Type EBG Structure 

The approach presented in [24] entailed the implementation of "negative" 

inductances and "negative" capacitances, which can be realized through the use of NICs, 

with the mushroom type EBG structure to widen the operational bandwidth of the 

structure. An active two port network that consists of an amplifier and a load impedance 

is configured in a way as to provide positive feedback to achieve the negative impedance 

of an NIC. This configuration creates an input impedance looking into one terminal pair 

that is the negative of the impedance looking into the other terminal pair [24]. For proof 

of concept purposes, simulations were conducted on the proposed approach by 

implementing negative value capacitors and inductors between the surface patches of the 

mushroom type EBG structure. These negative value capacitors and inductors are in 

parallel with the capacitances and inductances that are inherent to the mushroom type 

EBG structure. With this configuration, the effective inductances of the structure can be 

increased as seen in Equation 7.3.1 while simultaneously decreasing the effective 

capacitances of the structure as seen in Equation 7.3.2. 

(7.3.1) 

Cr =CEBG +CNC (7.3.2) 
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As described previously, the resonant frequency of the mushroom type EBG structure is 

described by Equation 7.3.3. 

fa 
1 

(7.3.3) 

Thus, the resonant frequency can be kept the same by simultaneously increasing the 

inductance and decreasing the capacitance. Additionally, it has been shown that the 

operational bandwidth of the mushroom type EBG structure is calculated from Equation 

7.3.4. 

BW.= (7.3.4) 

Therefore, it can also be seen by simultaneously increasing the inductance and decreasing 

the capacitance, the operational bandwidth of the structure can be increased while 

allowing the resonant frequency of the structure to remain the same. 

A continuous operational bandwidth exceeding 10: 1 was achieved via simulations 

with the negative impedance loaded mushroom type EBG structure. It can be seen, from 

the analysis of the negative impedance loaded mushroom type EBG structure in [24]. that 

the operational bandwidth of the mushroom type EBG structure can be drastically 

increased by effectively implementing negative capacitances and inductances between 

the surface patches of the mushroom type EBG structure. With the approach proposed in 

[24], it is feasible that the operational bandwidths achievable can meet the ultrawideband 

specifications necessary for certain desirable antenna applications. However, as with the 

varactor diode implementation, the implementation of the NICs adds complexity to an 
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otherwise passive system while also increasing the weight of the system. Additionally, 

NICs are still a developing technology and have thus far not been feasibly realized in an 

implementable form. 
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CHAPTER 8: CONCLUSION 

With the technological advancements in the area of wireless development which 

embodies many applications, there is a consistent trend of antenna related technologies 

becoming more compact. Space for antenna placement is continually becoming a more 

valued commodity as modern technological systems continue to rely more heavily on 

wireless operation while also becoming increasingly more advanced and more compact. 

Therefore, the design and development of compact antenna systems is becoming 

evermore critical. 

Compact antenna systems are a critical component for mobile communications, 

RADAR, and EW applications that are employed for surveillance and reconnaissance 

purposes. For these applications, the antenna systems not only need to be low-profile, 

but it is also necessary for them to provide ultrawideband operation with uni-directional 

radiation characteristics. For certain applications, such as airborne foliage penetrating 

RADAR, the antenna systems need to possess the aforementioned characteristics and 

operate at relatively lower frequency ranges that begin in the hundreds of megahertz. 

Many of the low-profile, broadband antennas that can operate in the desired 

relatively low frequency ranges necessary for airborne foliage penetrating RADAR and 

EW applications, such as Raytheon's long slot array antenna [1 ]-[3], radiate in a bi

directional manner [4]-[7]. To provide for enhanced performance while meeting the 

design specifications essential for the aforementioned applications, it is necessary to back 

these bi-directional radiating antennas with a conformal, low-profile, ultrawideband 

ground plane. 
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A few of the currently existing ground plane options, including electric conductor 

ground planes, electric conductor ground planes with absorbing materials, and artificial 

magnetic conductor (AMC) ground planes, were discussed in detail. As it was shown, 

each of these current ground plane options possesses limitations that restrict their 

performance and inhibit their implementation with low-profile, ultrawideband antennas. 

It was shown that a hybrid design that implements a combination of more than one 

ground plane option was a viable choice to achieve the desired performance with minimal 

limitations while meeting the design specifications. Ultrawideband operation can be 

achieved in a conformal, low-profile package with the presented hybrid approach. 

8.1: Summary ofEtTorts and Results 

The idea of a hybrid EBG/ferrite structure was proposed to achieve desirable 

performance with minimal limitations. It was shown that ultrawideband operation in a 

conformal, low-profile package can be achieved by implementing the mushroom type 

EBG structure with ferrite absorber. The hybrid structure consists of a mushroom type 

EBG structure with a slab of ferrite absorber resting on the ground plane of the EBG 

structure. A small portion of the ferrite slab is removed around each of the vias of the 

EBG structure to allow the structure to behave as desired. As was discussed, each of the 

individual components of the hybrid structure, the mushroom type EBG structure and the 

ferrite absorber, when used alone has certain limitations as an antenna ground plane. The 

hybrid structure provides the desired performance characteristics with minimal 

limitations over an ultrawideband by using the ferrite absorber component of the design 

to absorb the antennas backward radiation in the lower frequency band while the EBG 

structure component of the design is used to provide a desirable phase for the reflected 
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radiation in the frequency band above the operational region of the ferrite absorber. With 

the implementation of the hybrid structure, uni-directional radiation is obtained without 

performance degradation over a bandwidth that is larger than what is provided by either 

the ferrite absorber or the mushroom type EBG structure alone. Four design variations of 

the hybrid structure were presented with one design variation offering a bandwidth of 

40.5:1 ranging from 120 MHz to 4.86 GHz with a low-proflle of2.5 cm. 

Additionally, an equivalent circuit model of the hybrid structure was developed. 

The developed equivalent circuit model relates the details of the dimensions of the hybrid 

structure and the material properties of the hybrid structure to a combination of circuit 

components that includes resistors, inductors, and capacitors. A better understanding of 

the operation of the hybrid structure in relation to the structure dimensions as well as the 

structure material properties is obtained with the development of the equivalent circuit 

model. The developed equivalent circuit model results in a more efficient and straight 

forward design procedure for subsequent hybrid structure variations. A major rmding of 

this part of the dissertation effort is related to the inclusion of a resistive component in the 

equivalent circuit model as well as the frequency dependence of both the inductive and 

resistive components of the equivalent circuit model. 

The analyses of the hybrid structure implemented with the long slot array antenna 

developed at Raytheon [1 ]-[3] indicated that use of the hybrid structure will allow for the 

practical and effective implementation of ultra wide band phased array antennas for low

band airborne RADAR and EW systems that require uni-directional radiating conformal, 

low-profile, ultrawideband phased array antenna systems for surveillance and 

reconnaissance purposes. The presented analyses results indicated that the return loss at 
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the feed points of the long slot array antenna stay below-12dB throughout the bandwidth 

of the hybrid structure (120 MHz - 4.86 GHz). Additionally, the directive gain results of 

the long slot array antenna implemented above the hybrid structure indicate that the 

hybrid structure offers enhanced radiation perfonnance in the "EBG structure" region of 

operation and very little to no degradation of radiation perfonnance in the "ferrite 

absorber" region of operation. It was also shown that the effective complex electric 

permittivity and magnetic penneability of the hybrid structure will not significantly load 

the long slot array antenna which could have lead to an unacceptably large number of 

feed elements. 

Finally, the perfonnance of the hybrid structure was experimentally validated by 

measuring the reflection properties as well as the surface-wave transmission properties of 

the structure. A TEM cell was used for experimental verification of the reflection 

properties of the hybrid structure. It was seen that the dimensions necessary to 

experimentally test the structure at the desired lower frequencies using a free space 

method would be unreasonably large. The use of a TEM cell provided for the 

propagation of a TEM wave with no low-frequency cutoff, thus, enabling the emulation 

of a free space measurement approach. To ensure accurate reflectivity and phase 

analyses results, IEEE Standard 1128-1998 [23] was referred to for the test procedure 

used to perfonn the reflectivity and phase analyses measurements on the hybrid structure. 

It was shown over the range of 100 MHz to 2 GHz that the accuracy of the experimental 

analyses results could be reasonably trusted while above 2 GHz the pronounced effects of 

higher-order modes propagating in the TEM cell reduced the accuracy of the results to an 

unacceptable level. Experimental reflectivity and phase analyses results of the hybrid 
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structure over the range of 100 MHz to 2 GHz adequately matched the simulation results. 

It was shown that some relatively limited accuracy was achieved at frequencies above 

500 MHz. This was due to the excitation and propagation of higher-order modes in the 

TEM cell. To ensure accurate surface-wave transmission results, the methods employed 

in [12], [17] were referred to for the test procedure used to perform the surface-wave 

transmission measurements on the hybrid structure. Experimental surface-wave 

transmission analyses results of the hybrid structure over the range of 800 MHz to 4 GHz 

indicate that the hybrid structure provides at least 20dB of surface-wave suppression over 

the measured frequency band compared to an electric conductor and surface-wave 

suppression exceeding 60dB in the "EBG structure" region of operation. 

8.2: Future Work 

It has been shown that a low-profile hybrid structure can be achieved by 

implementing ferrite absorber with the mushroom type EBG structure and this hybrid 

structure offers ultrawideband performance as a ground plane for antenna systems. 

Additionally, it has been shown that by making small adjustments to the dimensions of 

the hybrid structure that the operational bandwidth can be increased. Each of the design 

variations presented here were optimized through human observation of simulation 

iterations with various design dimensions that were adjusted according to an 

understanding of the operational characteristics of the hybrid structure gained through the 

development of the equivalent circuit model of the structure. It is believed that the 

operational bandwidth of the hybrid structure can be increased further by implementing a 

genetic algorithm (GA) optimization engine. With the implementation of the GA 

optimization engine, designs that are not conceptually logical can be developed that offer 
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increased bandwidth while also offering the possibility of profile reduction. Much 

research has been conducted in the use of GA optimization to achieve designs for several 

types of AMC surfaces that need to meet certain specifications. Just a few of the papers 

published in this area include [25]-[29]. Thus, the use of GA optimization provides for 

promising results in increasing the operational bandwidth of the hybrid structure while 

also decreasing the profile of the structure. 

Additionally, as with most technologies, there are certain drawbacks of the hybrid 

EBG/ferrite structure that could limit its effective implementation for certain ground 

vehicle, aircraft, and satellite applications. These drawbacks include reduction in the 

antenna gain at lower frequencies as a result of the implementation of the ferrite absorber, 

the weight and brittleness of the ferrite absorber, and the low-band limited characteristics 

of the ferrite absorber. Thus, it can be seen that the implementation of the ferrite 

absorber, while it has great benefits, has certain drawbacks. The drawbacks of the hybrid 

structure could be drastically reduced or even eliminated if the ferrite absorber could be 

replaced by a technology that offers the desirable characteristics of the ferrite absorber 

with less weight and brittleness while also not being limited to low-band operation. 

Currently there is much research being done in the area of absorptive frequency selective 

surfaces (PSS) [30]-[34]. The approach of the absorptive FSS entails implementing a 

resistive component, either resistive sheets or lumped resistors, with various FSSs. 

Desirable absorption can be achieved in certain bandwidths through this implementation. 

One approach presented in [31], [32] implements a ring FSS with lumped resistors 

implemented in the rings as shown in Figure 8.2.1. As it can be seen in [31], [32], the 

absorptive properties of the structure can be adjusted in order to meet various design 
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Figure 8.2.1: Double-squa re loop and lumped resistor absorptive FSS 1311 

specificalions by adjusting the ring sizes and spacings as well as the resistor values. 

Thus, research is being focused on examining the feas ibility of replacing the ferrite 

ahsorber with the ring/resistor absorptive FSS. With the implementation of the 

absorptive FSS as a second layer (instead of the ferrite) in the hybrid structure, the weight 

of the structure could be drastically reduced and the operation of the stTuclure would not 

be limited to the relati vely lower freq uency ranges, thus, offering a more effective and 

robust implementation for ground vehicle, aircraft, and satelli te applications. Therefore, 

it can be seen by implementing this absorptive FSS with the mushroom type EBG 

structure as shown in Figure 8.2.2, a novel ultrawideband hybrid structure can be 

developed that offers operational performance on the same level as the previously 

described hybrid structure without the drawbacks of the ferrite absorber implementation. 

Figure 8.2.2: Hybrid EBG/absorptive FSS structure 
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