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Characterization of a Volumetric Metamaterial
Realization of an Artificial Magnetic
Conductor for Antenna Applications
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Abstract—The design, fabrication and measurement of a volu-
metric metamaterial realization of an artificial magnetic conductor
(AMC) is presented. In contrast to most current realizations of
AMC:s, such as the mushroom and the uniplanar compact photonic
bandgap surfaces, the present design has no perfect electric con-
ductor ground plane. The perfect magnetic conductor properties
were designed with capacitively loaded loops for X band operation
at 10 GHz. Very good agreement between the numerical and ex-
perimental scattering results was achieved. The performance of a
dipole antenna radiating in the presence of this volumetric meta-
material AMC is quantified numerically. Resonant interactions of
the antenna and metamaterial structure lead to a significant en-
hancement of the radiated field amplitudes and isolation measured
as the front-to-back ratio.

Index Terms—Antennas, artificial dielectrics, artificial magnetic
conductor (AMC), metamaterials, scattering.

I. INTRODUCTION

N RECENT years, there has been a renewed interest in

using sub-wavelength structures to develop materials that
mimic known material responses or that qualitatively have new
response functions that do not occur in nature. These metama-
terial efforts have included a number of periodic ground plane
structures to realize artificial magnetic conductors (AMCs) for
a variety of antenna applications. The mushroom realization,
first introduced by Sievenpiper et al., [1]-[4], has been very
successful and have led to a number of commercial applications.
It consists of a ground plane separated (by a dielectric) from a
plane of periodically located elements (essentially a frequency
selective surface (FSS) layer), each of which is connected to the
ground plane by a via. Square and hexagonal shaped elements
are common, but more exotic shaped elements have been used.
Its AMC behavior results from the formation of a periodic set
of small, parallel resonant LC circuits. The spacing between
the edges of the elements controls the capacitance, and the
magnetic flux created between the patches and the ground plane
defines the inductance. A second popular AMC realization is
the uniplanar compact photonic bandgap (UC-PBG) structure,
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first introduced by T. Itoh et al., [5]-[8]. The UC-PBG struc-
tures again consist of a ground plane separated (by a dielectric)
from a plane of periodically located conducting elements, i.e.,
the resulting structure is basically an FSS layer over a dielectric
loaded ground plane. In contrast to the mushroom surface,
the UC-PBG structures realize the AMC properties without
vias but with more complex element shapes. The UC-PBG
structures lend themselves to easier fabrication approaches
using standard etching techniques. The UC-PBG structures
have been utilized for both antenna, microwave circuit and
waveguide-wall applications.

In this paper we introduce an AMC slab designed to operate in
the X band at 10 GHz that does not require a ground plane. The
capacitively-loaded loop (CLL) elements considered here are
simplifications of the split ring resonators (SRRs) used success-
fully in several double negative (DNG) metamaterials (metama-
terials with e < 0 and p < 0) realizations [9]-[12] and of the
C-particles used successfully for a radar signature reduction ap-
plication [13]. Variations of these elements have been used suc-
cessfully in DNG metamaterial transmission line studies [14].
The reflection properties of the CLL-based AMC slab are ob-
tained for several configurations. The +45° bandwidth was ob-
tained in all cases to provide some expectation of success for
the CLL-based AMC slab for an actual antenna application. As
noted in [15]-[17], the zero phase crossing point may not be the
optimal operating point for such an application.

Consider a normally incident plane wave that scatters from
a semi-infinite dielectric-magnetic slab of depth d embedded in
free-space. If the permittivity and permeability of the slab are
e and p, the corresponding impedance and the wave number
are, respectively, 7 = \/p/e and k = w\/e,/j. The free-space
values of these parameters are £, 10, 0 = \/ft0/€0, and kg =
w+/€0+/ho- The relative permittivity and permeability are given
by the expressions € = e,e¢9 and ¢ = p,-pg. The reflection,
S11, and transmission, S;, values are easily obtained using
Maxwell’s equations and are given by the expressions
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The class of metamaterials under consideration have
been shown to exhibit very large wave impedances, i.e.,
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n = /p/e — oo. Consequently, the reflection and transmis-
sion coefficient values become

| 1|1H1 Sll =+1

n|—oo

| lllnl 521 =0. (3)
n|—o0

Thus, a slab exhibiting a large impedance, i.e., a high-Z slab,
will act as a broad bandwidth in-phase reflector, i.e., as an
AMC. The reflection and transmission values in (3) for such
a high-Z slab are recovered for any (nontrivially) finite-sized
slab. If, however, the permeability is not extremely large, the
wave impedance can still be made to be extremely large if
the permittivity is near zero. This would mean that the index
of refraction n = \/e/eg+/p/po would become small as the
impedance became large. Consequently, a high-Z/low-n slab
would also act as an AMC. Finally, we note that for a slab
terminated with a PEC, the reflection coefficient relative to the
input face of the slab is

n="no _ ,—j2kd
S _ _ntmno (4)
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and also gives the same limits when the magnitude of the
impedance is large, e.g.

lim Sll = +41. (5)
[n|—o0

While an infinite PEC-grounded slab guarantees a complete re-
flection, a finite PEC-grounded structure in a realistic situation
introduces a number of complications for antenna applications.
The anticipated benefits of an AMC slab without a ground plane
in an antenna application include the absence of the associated
image and scattering-induced currents on the back side of a fi-
nite ground plane, a lowered probability of surface waves, and
lighter weight. Without the additional image and scattering-in-
duced currents, radiation in the back direction should be sig-
nificantly reduced. Moreover, despite the intent for the addi-
tional structures over the ground plane to prevent the images
sources from shorting out the antenna, they can still be prob-
lematic when the antenna is extremely close to a PEC-backed
structure. The absence of a ground plane removes many of these
issues.

Thus, a low-n/high-Z slab without a PEC ground plane would
appear to be a very desirable goal for artificial magnetic conduc-
tors in application purposes, particularly those associated with
antennas. It will be demonstrated that the volumetric CLL-based
AMC slab exhibits these low-n/high-Z properties. However, we
note that since the CLL elements under consideration are very
resonant, we expect that the metamaterial CLL-based slab will
exhibit AMC properties only in a narrow band of frequencies.
Clearly, if one could design a broad bandwidth metamaterial el-
ement that exhibited the high-Z/low-n properties over a large
frequency range, it would be the most desirable.

Since an important reason why the use of in-phase reflec-
tors is to enhance the performance of compact, low profile ra-
diating systems, the behavior of a dipole antenna in the pres-
ence of the realized volumetric CLL-based AMC block is quan-
tified numerically. Several dipole antenna sizes are considered.

It will be shown that a resonance can be established between the
dipole antenna and the CLL-based AMC block by varying the
distance between them. If the free space wavelength of driving
source is Ag, these resonant distances were found to be Ao /15 or
smaller. The block itself, however, is rather small, its face toward
the dipole being 0.18)\g wide and 0.85)\ in height. Thus, the
strength of the response is dependent on the size of the dipole.
For a half-wave dipole, which is almost as tall as the block,
slightly more than a 1.22-fold enhancement of the reflected field
is realized at the resonance. On the other hand, a 6.26-fold en-
hancement is obtained for a small 0.08 \o dipole. For a 0.325)
dipole, whose size fits the block naturally, a 2.29-fold enhance-
ment is realized. Moreover, in this case a null in the direction
antipodal to that of the peak field value is formed at the reso-
nance distance and the corresponding front-to-back ratio is sig-
nificant—approximately a 44 dB value. The near field distri-
butions exhibit similar enhanced characteristics as well. The E
plane and H plane patterns of this dipole and the volumetric
CLL-based AMC block system are also obtained. Because of
the small size of the block, these patterns are broad in the hemi-
sphere containing the dipole with little field being radiated into
the back hemisphere. However, if one would like to enhance the
directivity of this system, the size of the block would have to
be increased to allow for some sort of additional texturing of its
surface to achieve soft or hard surface effects or for the insertion
of additional structures to achieve electromagnetic bandgap ef-
fects. In that manner one could use many of the ideas reported in
this special issue to redirect some of the side and back-directed
field energy in the E or H plane toward the broadside direction.

The CLL-based AMC slabs and blocks presented below were
designed with ANSOFT’s High Frequency Structure Simulator
(HFSS), version 9.1. The details of the design simulations will
be discussed in Section II. The element fabrication will be de-
scribed in Section III. The experimental set-up and measure-
ments will be discussed in Section I'V. Very good agreement be-
tween the design and experimental results was obtained. The
numerical simulations describing the interaction of the dipole
antenna with the CLL-based AMC block are presented in Sec-
tion V. Conclusions and future efforts will be given in Sec-
tion VL.

II. HFSS SIMULATION RESULTS

The DNG metamaterial components are derived from those
successfully tested in [12]. There, an integrated set of negative
permittivity (capacitively loaded strip [CLS]) and negative per-
meability [SRR] elements were used to obtain a negative index
of refraction block that was matched to free space at X band
frequencies. The metamaterial elements considered here con-
sist only of capacitively loaded loops (CLLs). These CLLs be-
have similarly to the SRRs but greatly simplify fabrication is-
sues. These elements were designed to be embedded in Rogers
5880 Duroid, a low loss dielectric characterized by the param-
eters €, = 2.2, u, = 1.0, and tan ¢oss = 0.0009. Note that
mil-units are quoted throughout as the standard because all of
the fabrication processes were based on their use, but the equiv-
alent value in millimeters is also given. Some useful conversion
values are 100 mils = 2.54 mm and the free space wavelength
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Fig. 2. Two CLL-deep unit cell geometry.

at 10 GHz is \p = 30.0 mm = 1 181 mils and in a medium
with e, = 2.21is A\, = Ao/V/2.2 = 20.23 mm = 796.30 mils.

The CLL element and the basic two-element CLL unit cell
that were used for our AMC designs are shown, respectively,
in Figs. 1 and 2. Like the SRR element, the CLL element is
resonant, the resonant frequency being determined mainly by
the loop inductance and the capacitance of the strips. The CLL
element is much simpler than the two concentric split rings that
form the SRR element.

Referring to Fig. 1, all the line widths of the CLL elements
were T = 18 mils = 0.457 mm. The total z-length of each
CLL was L = 100 mils = 2.54 mm. The total y-length of each
CLL was W = 160 mils = 4.064 mm. The z-depth of the
capacitive strips of each CLL was S = 49 mils = 1.245 mm.
The y-lengths of each segment of the split side of each CLL was
U = 65 mils = 1.651 mm. Thus, the capacitive gap size was
30 mils = 0.762 mm for each CLL. The z-length of each CLL
was assumed to be infinitely thin and was treated in HFSS by
applying perfect electric conductor (PEC) boundary conditions
over each CLL surface, i.e., E_'tan = 0.

Referring now to Fig. 2, an incident plane wave is assumed
to propagate toward the unit cell in the +z direction with its
magnetic field oriented along the —z axis and its electric field
oriented along the +y axis. The basic two-element CLL unit
cell assumes that both CLL elements are aligned in the same
direction with the gaps facing the incident wave direction. The
complete unit cell consists of 8 CLL elements in a 4 X 2 (rel-
ative to the yz axes) array. All of the gaps along the y axis
between the CLLs were G1 = 40 mils = 1.016 mm. The
z and y distances between the edge of the CLLs and the unit
cell boundaries were G2 = 20 mils = 0.508 mm. The sub-
strate corresponded to the 31 mil = 0.787 mm thick, 1 oz.,
Rogers 5880 Duroid material used in the fabrication and ex-
periments. It had a relative permittivity and permeabililty, re-
spectively, €, = 2.2 and p,, = 1.0. The plane of the CLLs in
the unit cell was centered in the dielectric, 15.5 mils = 0.394
mm from either x-boundary. Thus, the total zyz size of the

metamaterial unit cell was 31 mils x 800 mils x 260 mils =
0.787 mm X 20.32 mm X 6.604 mm.

The HFSS simulation space was a rectangular PEC-PMC
waveguide whose total zyz size was 31 mils x 800 mils x
360 mils = 0.787 mm x 20.32 mm x 9.144 mm. The metama-
terial unit cell was centered in this waveguide. The waveguide
walls orthogonal to the y axis were PEC walls; the waveguide
walls orthogonal to the x axis were PMC walls. The wave-
guide walls orthogonal to the z axis were the exciting ports,
50 mils = 1.270 mm from the faces of the metamaterial slab.
The region inside of the waveguide and outside of the meta-
material slab was assumed to be vacuum, ¢, = 1.0, ,, = 1.0.
With this configuration, the metamaterial slab acts as a periodic
structure of the CLL elements that is infinite in extent in the
z and y directions and the excitation acts as a transverse elec-
tromagnetic (TEM) plane wave that is incident normal to the
metamaterial slab. The HFSS predicted values of S1; and S
were de-embedded to the faces of the metamaterial slab.

The initial dimensions of the CLL element and the corre-
sponding unit cell were based on the dimensions successfully
used in [12]; they were finalized using the HFSS software tools
to achieve the desired in-phase reflection conditions S1; = +1
at the design frequency 10 GHz. The final design simulations
were run for a 20 GHz A-refinement frequency. The wavelength
of the A-refinement frequency is used to define the size of the
tetrahedra in the initial finite element mesh. Successive solu-
tion iterations are made relative to this initial mesh. The larger
the A-refinement frequency relative to the frequencies of in-
terest, the higher the mesh resolution will be at those frequen-
cies. Thus, a higher A-refinement frequency forces HFSS to use
more tetrahedra to define the problem. Design simulations of
the unit cell were completed with a total number of 11 279
tetrahedra. The S-parameter values were computed with a fast
sweep run between 8 and 12 GHz for 401 points. The magni-
tudes and phases of the HFSS predicted S1; and Ss, results for
the two CLL-deep unit cell are shown in Fig. 3. The magnitude
values of S1; and Sa; at 10 GHz were —0.003 dB and —31.20
dB, respectively. The phase value of S;; goes through zero at
9.92 GHz, hence, the two CLL-deep unit cell behaves like an
AMC slab at this frequency. The magnitude values of S7; and
So1 at 9.92 GHz were —0.001 dB and —34.72 dB, respectively.
The £45° bandwidth was 1.0 GHz. It is also interesting to note
that the magnitude and the phase values of Soo at 9.92 GHz
were —0.0004 dB and 174°, respectively. In fact, the S3o values
exhibit a PEC behavior for the entire X band set of frequen-
cies. Thus, while the CLL-based metamaterial slab looks like an
AMC when the incident wave is toward the CLL gaps, it looks
like a PEC when the incident wave arrives from the opposite di-
rection toward the solid portion of the CLLs, even though there
is no PEC ground plane present.

The same structure was expanded to a four CLL-deep unit
cell to test whether more elements would effect the basic AMC
properties of the metamaterial slab. As shown in Fig. 4, the four
CLL-deep unit cell was constructed simply by putting two, two
CLL-deep unit cells together. Note that the distance between the
second and third column of CLLs is 2G5 = 40 mils = 1.016
mm. The behavior of three other alternate configurations of pairs
of the two CLL-deep unit cell slab were also studied. One row of
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each structure that was studied is shown in Fig. 5 and is labeled
by Case A-D. The simulations were run for a 20 GHz A-refine-
ment frequency, and they were completed with approximately
13 000 total tetrahedra. The magnitudes and phases of the HFSS
predicted Sq1 values for Cases A-D are given in Fig. 6. The
magnitude of Si1, as was expected, was essentially zero 0 dB
(between 0.0 and —0.01 dB from 9 to 11 GHz) for each case

EJERINI

Summary of the four CLL-deep unit cell structures that were

across the frequency band. Cases A and B both show an AMC
behavior near 10 GHz. The phase values of S1; for both config-
urations go through zero at 9.73 GHz. The £45° bandwidths for
Cases A and B were, respectively, 940 and 930 MHz. The Case
B S1;1 phase values also have a more oscillatory behavior across
the frequency range than their Case A counterparts. We believe
that this result is caused by the coupling between the second and
third columns of the CLL elements. These structures are placed
back to back in Case B, and, thus, they show greater capaci-
tive characteristics. Moreover, there will be some cancellation
of the local magnetic field behaviors between columns one and
two and columns three and four because they are oriented op-
positely. This also cancels some of the bianisotropy associated
with a single CLL. Cases C and D both failed to show any AMC
behavior at the simulation frequency range. In fact, they acted
like artificial electric conductor (AEC) slabs near 10 GHz. We
believe that this is a result of the capacitance gaps not being
exposed directly to the incident field; and, hence, the effective
capacitance is much less, raising the resonant frequency outside
of the range of interest.

The final HFSS simulation was an exact model of the
measured CLL structure and the actual experimental config-
uration. The two CLL-deep metamaterial block was formed
by stacking 31 unit cells together along the z axis and, hence,
contained 248 CLL elements. The metamaterial block, thus,
had the zyz dimensions: 961 mils x 800 mils x 260 mils =
24.41 mm X 20.32 mm % 6.604 mm. This finite sized metamate-
rial (MTM) block was placed between two X band waveguides.
The corresponding HFSS simulation space is shown in block
diagram form in Fig. 7. The experimental configuration simply
connected the network analyzer to the ports, i.e., to the sources
at the outer ends of the waveguides. The dimensions of the se-
lected waveguide was 900 mils X 400 mils = 22.86 mm x 10.16
mm. The waveguide length from the ports at the outside ends
of the waveguides to the faces of the metamaterial block was
100 mils = 2.54 mm. Because the metamaterial block is an
open structure, energy can be radiated out the sides of the block.
A vacuum box was created in the simulation region that was



164

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 53, NO. 1, JANUARY 2005

180

e 4110
— Case A
------ Case B 15
---- CaseC
--- CaseD

Phase ( Degrees )

Magnitude ( dB)

8 8.5 9 9.5

10

105 11 115 12

Frequency (GHz)

Fig. 6. Magnitudes and phases of the HFSS predicted S, values for the four CLL-deep Cases A-D are shown. The phases of Cases A and B have zero crossings
at 9.73 GHz; hence, they act as artificial magnetic conductors there. The phases of Cases C' and D indicate that they act primarily as artificial electric conductors

in this frequency region.

Radiation Box

Port 1 MTM Port 2
Waveguide Waveguide
N
y Z

Fig. 7. Block diagram of the HFSS simulation of the finite two CLL-deep
metamaterial (MTM) block excited by two X band waveguides.

centered on the metamaterial block and radiation boundary con-
ditions were assumed on all exposed faces of the block. The box
had the zyz dimensions: 1061 mils X 900 mils x 360 mils =
26.949 mm X 22.86 mm X 9.144 mm, i.e., it was 50 mils = 1.27
mm larger than the metamaterial block in all directions. The
HFSS simulation model thus, included possible radiation
leakage out through the open structure in all directions. The
placement of the CLL structure relative to the waveguide is
shown in Fig. 8. A (PEC) symmetry plane was used along the
(zz) plane to increase the computational efficiency.

The HFSS simulation of the finite block model required 59
163 tetrahedra. The maximum magnitude of the complex differ-
ence between all of the S-parameters obtained with the current
mesh refinement and the corresponding ones from the previous
mesh, AS, was 0.02 for a 20 GHz A-refinement frequency. The
magnitudes and phases of the S1; and S3; values were again
computed with a fast sweep calculated between 8 and 12 GHz
for 401 points. The HFSS predicted magnitudes and phases of
S11 and Sy; were de-embedded to the outside faces of the sub-
strate along the z axis. The magnitudes and phases of the HFSS
predicted S1; values for the finite two CLL-deep metamaterial
block are shown in Fig. 9. The magnitude value of S11 at 10 GHz
was —0.16 dB. The phase value of S1;1 goes through zero at 9.86
GHz, hence, the finite two CLL-deep AMC block behaves like

y
K‘
z
Fig. 8. CAD diagram of the waveguide excitation of the finite two CLL-deep
metamaterial block.

an AMC at this frequency. The magnitude value of S1; at 9.86
GHz was —0.1 dB. The £45° bandwidth was 800 MHz. It is
also interesting to note that the magnitude and the phase values
of Sy2 at 9.86 GHz were —1.0 dB and 167°, respectively. Again,
the slab acts like an AMC from one direction and as an AEC
from the other. The magnitude and phase values of the computed
S11 values for the finite block were —0.099 dB and —0.06 GHz
different, respectively, from the infinite slab results. The toler-
able differences between the block and slab simulation cases
were caused by the angle of incidence of the incident wave, i.e.,
the finite simulation model of the finite block was excited using
the dominant 7'E;( mode in a X band waveguide, while the in-
finite slab was excited with a TEM plane wave.

III. FABRICATION

There are four main stages in the fabrication process of the
CLL structures using the Roger’s 5880 Duroid™. These stages
are: 1) spinning and coating the board with photoresist; 2) ex-
posing the board to UV light; 3) developing; and 4) etching.
All of the processing was accomplished in the MicroElectronics
Laboratory located in the Department of Electrical and Com-
puter Engineering at the University of Arizona. Originally, we
attempted to develop an air-brush technique to coat the boards.
This approach was found to significantly save on the amounts of
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Fig. 9. HFSS predicted and the measured S;; values for the finite two
CLL-deep metamaterial block. As predicted, nearly complete reflection occurs
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Magnitudes and (b) phases.

the photoresist that were being used in the processing. However,
the air-brush approach was found to be unsatisfactory because it
was difficult to achieve a thin, uniform coating. Because of the
board sizes, a standard spinner was used for the final fabrication
process. It gave a coat with a thickness between 1.0 and 1.5 mi-
crons versus the 4 to 5 micron thickness that was achieved with
the airbrush. A three-inch by three-inch board size was selected
and it yielded 14 two CLL-deep unit cell structures. After spin-
ning, the boards were placed in a 100°C furnace for one minute
to dry them. The printed mask of the design was generated and
placed over the board. The boards were then exposed for 1.5
min with UV light. The boards were then placed in a developer.
Developing time was under one minute. Once the photoresist
was removed, the boards were rinsed with deionized water and
dried with nitrogen. Finally, the boards were placed in a Ferric
Chloride etching solution. This process took between 10 and 15
min to complete, exercising care to not over-etch the boards.
The boards were rinsed with acetone to remove any remaining
photoresist from the board. The boards were finally rinsed with
deionized water and dried with nitrogen.

The boards were inspected under a microscope and the best
ones were selected. Alignment holes had been inserted at the
y ends of the two CLL-deep unit cells when the mask was de-
signed. The boards were cut and drilled professionally in the
University of Arizona machine shop. A large number of the
two CLL-deep unit cells were fabricated. Threading polyeth-
ylene rods through the alignment holes, two 31 layer metama-
terial stacks were formed. The four CLL-deep structures were
obtained by stacking these two, two CLL-deep metamaterial
blocks together in the Case A-D configurations.

IV. EXPERIMENTAL RESULTS

The fabricated metamaterial blocks were measured using an
HP8720C network analyzer. A 3.5 mm HP calibration kit was
used to calibrate the network analyzer. A full 2-port calibration
was performed using the short-open-load-thru (SOLT) method.
The calibration was done between 8 and 12 GHz for 401 points.
The S11 value of a HP 902D broadband load was measured to
confirm the accuracy of the calibration method. Two X band
waveguides were used to excite the metamaterial blocks. The
S11 and So; values were measured with the network analyzer.

To obtain an accurate measurement of the phases, it was de-
cided to use a reference case consisting of a copper plate lo-
cated where the front face of the metamaterial block would be
when it was measured. Note that the metamaterial block simply
rests against the face of the waveguide aperture as shown in
Fig. 8. The copper plate was positioned in a similar manner. The
S11 and S9; values were obtained for both the copper plate and
the metamaterial block. The relative phases between the refer-
ence case and the metamaterial block cases were obtained and
unwrapped so that the phase angles occurred primarily in the
[—7, ] interval over the measured frequency band. The meta-
material block was measured with both a short, 4 000 mils =
101.6 mm long, and a long 13 000 mils = 330.2 mm waveguide
section to minimize the effects of their lengths on the phase mea-
surements.

The relative magnitudes and phases of the measured Si;
values for the two CLL-deep metamaterial block are compared
to the corresponding HFSS predicted values in Fig. 9. Good
agreement between the measured and predicted S7; magnitude
values was obtained. The measured S1; magnitude and phase
values at 10 GHz were —0.17 dB and —10.83°. These results
were close to the HFSS predicted values of —0.16 dB and
—15.46°. The measured phase of Si; crosses zero at 9.75
GHz, 1.02% different from the predicted value. The measured
+45° bandwidth was 780 MHz. The measured S1; and S»;
magnitude values at 9.75 GHz were —0.25 dB and —48 dB,
respectively. These values reflect the fact that the finite block
is an open structure (in both the experiments and the HFSS
simulations) and some power is lost by scattering out of the
faces of the block parallel to the waveguide direction.

The magnitudes and phase of Sy; values for Cases A-D were
also obtained. These results are shown in Fig. 10. Some of the
S11 magnitude values for the two CLL-deep metamaterial block
shown in Fig. 9(a) and for the four CLL-deep metamaterial
block Cases A and B shown in Fig. 10(a) slightly exceeded the O
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Fig. 10. Measured S1; values for the finite versions of Cases A-D are shown.
As predicted, nearly complete reflection occurs near the target frequency. The
phases of the measured S, values for the finite versions of Cases A-D show,
as predicted, that Cases A and B have zero crossings while Cases C' and D do
not. Cases A and B act as artificial magnetic conductors; Cases C' and D act
as artificial electric conductors. The AMC zero crossing was measured at 9.785
GHz, 0.57% different from the predicted value. (a) Magnitudes and (b) phases.

dB level. Because the values are relative to the copper plate mea-
surements, these anomalies are due simply to the noise in the
measurements. The measured S1; magnitude and phase values
at 10 GHz for Case A were 0.05 dB and —6.86°. The predicted
results for this case were —0.0002 dB and —38.0°. The mea-
sured S7; magnitude and phase values at 10 GHz for Case B
were 0.01 dB and —1.67°. The predicted results for this case
were —0.002 dB and —14.4°. The zero crossings for Cases A
and B were measured at 9.785 GHz, 0.57% different from the
predicted value. The measured S1; magnitude values for cases
A and B were —0.56 dB and —0.62 dB, respectively. The mea-
sured £45° bandwidth for both of these cases was 830 MHz. As
predicted, Cases C' and D failed to show any AMC properties;
rather they showed the anticipated AEC properties.

We note that the two CLL-deep metamaterial blocks had
better agreement in general with the HFSS predictions in
comparison to the four CLL-deep metamaterial cases. The dif-

ferences between them are due to fabrication issues. The four
CLL-deep metamaterial cases were obtained simply by putting
two of the two CLL-deep metamaterial blocks back-to-back
with the specified element orientations shown in Fig. 5. As a
result, there were nontrivial air gaps between the two blocks
and their impact on the results are noticeable.

We also note that we measured the two CLL-deep metamate-
rial block with it being oriented orthogonal to the desired direc-
tion, i.e., with the plane of the CLL elements parallel to the mag-
netic field direction. The CLL elements are strongly anisotropic.
In particular, if the magnetic field were parallel to the plane of
the CLL elements, the strong inductance and, hence, the res-
onant effect should disappear and the highly reflective block
should become highly transmissive. The measured magnitudes
of S11 and S»; for this orthogonal orientation at 10 GHz were,
respectively, —21.46 dB and —0.8 dB. These results confirm
that the metamaterial structure is indeed anisotropic and that
the orientation of the metamaterial block relative to the exciting
magnetic field is critical to the realization of the predicted AMC
behavior.

V. EFFECTIVE MATERIAL PROPERTIES

While the reflection and transmission properties of the CLL-
based AMC slab were obtained directly from numerical simula-
tions, the effective permittivity and permeability of the slab must
be extracted from this scattering data. We have found using the
extraction method proposed in [12] that an equivalent material
model of the CLL-based AMC consists of a two time deriva-
tive material (2TDLM) model for the permeability and a Drude
model for the permittivity. The resonance, f.s, of the real part
of the 2TDLM model and the zero crossing, f,, of the real part
of the Drude model occur at the frequency, f..is, for which the
in-phase reflection occurs, i.e., for fres = fp = ferit. This con-
currence of the critical frequencies of both models produces a
metamaterial slab with a high-Z/low-n state at f.i;. To inves-
tigate these results further, we have used the HFSS S-param-
eter results and the 2TDLM and Drude models to develop a
model-based parameter estimation of the permittivity and per-
meability values.

We note that the SRRs have been shown to have a bian-
isotropic nature, primarily due to the presence and coupling
of the two split rings [18]. We have not attempted to account
for any such magnetoelectric contributions in our models. The
HFSS simulation results include all such effects. Because the
extracted material properties reproduce the scattering parameter
results quantitatively, this appears to be a reasonable approach.

The 2TDLM model has been used for several metamaterial
investigations, e.g., [12], [19]. It was used to design an artificial
molecule realization of a magnetic wall in [20]. The 2TDLM
model is the natural description of many of the SRR inclusions
incorporated to achieve the artificial magnetic properties in
DNG metamaterials. The 2TDLM medium is a causal medium
that satisfies a generalized Kramers—Kronig relation and is
specified by its susceptibility in the frequency domain through
the relation [19]

—w?Xy + jwpXpw + WX
—w? + jTw + w?

res

(6)

X2TDLM (w) =
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In contrast, the Drude model is associated with lossy cold elec-
tron plasmas, which can be realized artificially with a “bed of
nails” medium (e.g., [10], [11]) and a CLS medium [19]. The
susceptibility of a lossy Drude medium is given by the expres-
sion

w2

5 )

Xordel) = r T

We introduce a model medium that incorporates these properties
by specifying the magnetic permeability and the electric permit-
tivity, respectively, as

i(w) = Lypoll + x2rpLm(w)]
E(w) = LeEO[l + XDrudo(w)]- (8)

The additional positive constants, L, and L., are intro-
duced to allow for relative constant levels of both the per-
meability and permittivity in the fitting process. With this
composite model the magnetic permeability is resonant at
fres = wres/2m, and the permittivity has a zero crossing at the
plasma frequency f, = w,/2mw. Consequently, the 2TDLM
model produces a large negative (positive) permeability just
above (below) the resonant frequency; the Drude model pro-
duces a negative (positive) permittivity just below (above)
the plasma frequency. If f.es = fp, the critical frequency
represents the boundary between the main ENG (epsilon
negative) and the MNG (mu negative) frequency regions.
Moreover, at foit = fres = fp, the wave impedance n =
nov/Lyu/Lev/T+ Xorpim/v/1 + XDrude — 00 and the index
of refraction n = \/LHLE\/l + XQTDLM\/l + XDrude — 0.
The 2TDLM and Drude model-based parameter-estimation
of the S-parameters was accomplished using the MATLAB Op-
timization Toolbox. The model parameters were fit to the cor-
responding HFSS predicted S1; and Sy results for a unit cell
of the CLL-based metamaterial AMC excited in the PEC-PMC
waveguide simulator using a nonlinear least-squares optimiza-
tion method, where we used only the S1; values to fit the model
parameters. The optimization scenarios using both S-param-
eter values produced less matched results due to the very small
So1 values. With the optimized match of the Si; results, the
So1 effective medium results also showed reasonable agree-
ment with the original HFSS predicted values. These optimized
2TDLM parameters were xo, = 0.1,x3 = 1.0 X 10*4,)(7 =
—0.97323,T, = 1.0 X 10 wyes, L, = 0.63943 and fres =
10.0019 GHz; and the corresponding Drude parameters were
Wp = Wres; Le = 10, and I', = 1.0 x 1075w, This means
fres = fp = ferit, as expected. The resulting real and imagi-
nary parts of the permittivity and permeability are shown, re-
spectively, in Fig. 11. The permittivity losses are essentially
zero in this region; the permeability losses are restricted to a
very narrow region near the resonance frequency. The permit-
tivity and permeability have opposite signs on either side of
the resonance frequency yielding evanescent wave properties,
hence, high reflectivity. The magnitude of the permeability (per-
mittivity) is large (small) in this frequency interval. Thus, the
CLL-based unit cell for a normally incident plane wave in the
indicated frequency range acts as a high-Z/low-n material at
ferit, yielding S11 = 41 near the frequency of interest. This
effective magneto-dielectric medium model for the CLL-based
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Fig. 11. Real and imaginary parts of the model-based estimation of the

permeability and permittivity that optimally recover the CLL-based AMC unit
cell S-parameters.

metamaterial slab was also verified by considering the param-
eter extraction method discussed in [14]. Reasonable agreement
with all of the fitted model results was obtained. Finally, similar
conclusions were reached for the two-CLL and four-CLL deep
metamaterial slabs.

VI. DIPOLE ANTENNA AND CLL-BASED ARTIFICIAL
MAGNETIC CONDUCTOR BLOCK INTERACTIONS

The dipole antenna, CLL-based metamaterial slab interac-
tions were simulated with HFSS. A 10 GHz dipole antenna was
positioned symmetrically at the origin of the coordinate system
and oriented along the z axis. Three different dipole lengths
were studied: a) 0.08\y (94.488 mils = 2.40 mm); b) 0.325),
(383.85 mils = 9.750 mm); and c) 0.5X¢ (590.55 mils = 15.0
mm), recalling that Ay = 30.0 mm at 10 GHz. Each dipole an-
tenna was modeled using two identical cylinders with a radius of
0.0033)\p (3.937 mils = 0.10 mm). The cylinders were defined
as perfect electric conductors, and the total distance between the
two cylinders was optimized for each dipole antenna to obtain
the analytical radiation results that were given in [21]. The opti-
mized gap spaces for 0.08\g, 0.325)¢, and 0.5\ length dipole
antennas were 0.0374 mils = 0.00095 mm, 19.68 mils =
0.500 mm, and 35.43 mils = 0.900 mm, respectively. An-
other vacuum filled cylinder was also used to fill the gap be-
tween the two dipole arms. The current distribution of the dipole
was excited across this vacuum cylinder using the HFSS current
source, and it was assumed to be constant with an amplitude of
1A

The unit cell of the two-element CLL-based metamaterial
block was now taken to be 10 CLL elements in a 5 x 2 array,
with the five CLLs being taken along the z direction. The y and 2
distances between the edges of the CLLs and the unit cell bound-
aries were still maintained at G2 = 20 mils = 0.508 mm; the
distances between each CLL element were still maintained at
G1 = 40 mils = 1.016 mm. The CLL elements were centered
in the dielectric 15.5 mils = 0.394 mm from either z-boundary.
Thus, its total zyz size was 31 mils x 260 mils x 1000 mils =
0.787 mm x 6.604 mm X 25.4 mm.
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TABLE 1
SUMMARY OF THE DIPOLE ANTENNA, CLL-BASED ARTIFICIAL MAGNETIC CONDUCTOR SLAB RESULTS OPTIMIZED FOR THE COMBINATION OF THE DIPOLE
LENGTH AND DISTANCE OF THE DIPOLE FROM THE SLAB

Dipole length | Distance | Resonant Frequency | Emax Eraz / Front-to-Back
(in Xo) (GHz) (V) | Efree—space Ratio (dB)
0.08 Ao/ 15 9.893 47.75 6.26 33.89
0.325 Ao /25 9.987 75.49 2.29 4431
0.5 Ao /16 9.403 63.45 1.22 15.31

Fig. 12. CAD diagram of the dipole antenna and the finite two CLL-deep
metamaterial block.

The two CLL-deep metamaterial block was then formed by
stacking 7 unit cells together along the x axis and, hence, con-
tained 70 CLL elements. The two-element CLL-based metama-
terial block, thus, had the zyz dimensions: 217 mils x 260 mils x
1000 mils = 5.512 mm X 6.604 mm X 25.4 mm = 0.18)\y X
0.22\g x 0.85)g. The face of the two-element CLL metamate-
rial slab was oriented parallel to the zz plane with the capacitor
gaps of the CLLs facing the dipole. The center of the slab, hence,
one set of CLLs was placed in the yz plane. The centers of the
gaps of the middle CLLs in this plane were centered on the y
axis. Thus, the dipole and all the CLLs are symmetrically lo-
cated with respect to each other. The field radiated by the dipole
propagates along the +y direction toward the center of the CLL
metamaterial slab and the main beam of the reflected field prop-
agates along the —y direction.

The dipole and this finite-sized CLL-based metamaterial
block were positioned symmetrically about the zy plane, and
the front face of the finite-sized metamaterial block was placed
a distance h away from the dipole (from the origin) along the
positive y axis as shown in Fig. 12. A free-space radiation
box was created that was centered at the origin. It had the
zyz dimensions: 1732 mils x 1732 mils x 1732 mils =
43.993 mm X 43.993 mm x 43.993 mm. The dimensions of
the radiation box satisfied the ANSOFT recommended 0.25)\,
(295.28 mils = 7.50 mm) distance from the metamaterial
block to the free-space radiation box in all directions. More
specifically, the distance between the free-space radiation box
and the metamaterial block was 726.5 mils = 18.453 mm in the
+x directions and 366 mils = 9.296 mm in the £z directions.
With, for instance, the largest / value considered, h = 0.25)¢
(295.28 mils = 7.50 mm), the distance between the front of the
metamaterial block and the free-space radiation box along the

—y axis was 866 + 295 = 1161 mils = 29.489 mm and the
distance between the back face of the metamaterial block and
the free-space radiation box in +y axis was 311 mils = 7.899
mm. A (PEC) symmetry plane was then introduced along the
(zy) plane to increase the computational efficiency.

The interaction of the dipole antenna and the metamaterial
block was studied by varying h and the length of the dipole
{. A total of 15 different cases were studied: three dipole
lengths were tested for five different h values. The simulated
dipole lengths were: 1) £ = 0.08)\¢ (94.49 mils = 2.40 mm),
whose equivalent monopole length is just larger than half of
the first half CLL; 2) £ = 0.325)¢ (383.86 mils = 9.750 mm),
whose equivalent monopole length is just smaller than the
height to the middle of the first whole CLL; and 3) £ = 0.5)
(590.55 mils = 15.0 mm), whose equivalent monopole length
is just larger than the height of the second whole CLL. The
simulated distances between the dipole and the block were:
(1) h = XAo/50 (23.62 mils = 0.60 mm), (2) h = Xg/25
(47.24 mils = 1.20 mm), (3) h = A\¢/16 (73.81 mils = 1.875
mm), (4) h = Ag/15 (78.74 mils = 2.0 mm), and (5) h = Ao/4
(295.28 mils = 7.50 mm).

The far field electric field values and the corresponding am-
plitude patterns were calculated for the dipole alone and with the
metamaterial block present. The maximum values of the electric
field in the two directions broadside to the metamaterial block
were obtained. The maximum electric field value, ., was
found always to be along the y axis in the reflected, —y-direc-
tion. The electric field value at 180° with respect to the max-
imum electric field direction, Eantipodal, Was obtained. It was
along the y axis in the +y direction, behind the metamaterial
block. The front-to-back ratio; i.e., front—to—back ratio =
Ervax/ Eantipodal, Was then calculated. The free-space calcula-
tions allowed us to verify the validity of the HFSS predicted
field values by comparisons with known analytical results; the
expected values were recovered in each case. They also provided
us with values to compare against when the metamaterial block
was present.

The maximum front-to-back ratios obtained when the dis-
tance h was varied for each of the three dipole length cases are
summarized in Table I. For each of these cases, the HFSS sim-
ulation specifics were: 1) £ = 0.08)\ dipole antenna was po-
sitioned h = \¢/15 away from the metamaterial block. The
HFSS simulation required 101 179 tetrahedra and produced a
variation of AS = 0.05 for a 20 GHz A-refinement frequency.
2) ¢ = 0.325) dipole antenna was positioned h = A\¢/25 away
from the block. The HFSS simulation required 108 310 tetra-
hedra and produced a variation in the S-parameters of AS =
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Fig. 13. HFSS simulations demonstrate that by tuning the distance h of the

0.325A, dipole from the two element CLL-based block, the front-to-back ratio
can be enhanced significantly.

0.06 for a 20 GHz A-refinement frequency. 3) ¢ = 0.5\ dipole
antenna that was positioned h = \y/16 away from the block.
The HFSS simulation required 104 384 tetrahedra and produced
a variation in the S-parameters of AS = 0.05 for a 20 GHz \-re-
finement frequency. The simulated pattern was computed with
a discrete sweep between 9.0 and 10.1 GHz using a 0.001 GHz
resolution frequency in each of the cases.

It was found that there was a resonant response of the dipole
antenna and the CLL-based metamaterial block tuned by the dis-
tance between them. This resonance phenomena is illustrated
with the £ = 0.325)\¢ dipole results in Fig. 13. The front-to-
back ratios are plotted for the various distances between the
dipole and the metamaterial block. The resonant behavior is
clearly seen. As found from Table I, the obtained resonant fre-
quencies for the £ = 0.08)\¢ and ¢ = 0.325)( dipole an-
tennas were close to, but above the operating point of the CLL-
based AMC block by itself. The resonant frequency of the £ =
0.5\ dipole antenna case was considerably below that oper-
ating point. This phase difference behavior was expected from
the studies in [15]-[17]. Consider a transmission line represen-
tation of the dipole-block system. Since the magnitude of the
reflection coefficient at the block near its operating frequency is
one, it can be represented in the form I';, = exp(j1)), hence,
the equivalent circuit element of the block is the load Z; =
no(1 +T'1)/(1 = T') = jno cotip. Consequently, the input
impedance of the air gap and the metamaterial block at the
dipole is

. ™
Zin = jotan (5 = + oh) . ©)

Recall from the HFSS results that above (below) the operating
point, the phase of the reflection coefficient was negative (posi-
tive). Thus, the £ = 0.08 )\ and ¢ = 0.325)( cases have 1) < 0,
which means the input impedance seen by the dipole matches
its own impedance, i.e., it is capacitive. Maximum power is
then transferred to the in-phase, totally reflecting metamaterial
block and no power is available for the back direction. Sim-
ilarly, because the { = 0.5)\g dipole is inductive, the reso-
nance occurs where the phase angle is large positive, making the
input impedance inductive. Additionally, because the £ = 0.5
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Fig. 14. HFSS predicted normalized field patterns generated for the
0.08X¢,0.325X¢, and 0.50X, dipole antennas when they are in resonance
with the two element CLL-based AMC block system: (a) normalized E plane
and (b) normalized H plane patterns.

2400

dipole antenna is nearly as tall as the block itself, significant
edge interactions pull the resonant frequency even lower.

We also found that the strength of the resulting enhancements
and the radiation pattern was directly connected to the length of
the dipole and its interactions with the CLLs. The E plane and
H plane electric field patterns of the £ = 0.08\g, £ = 0.325),
and ¢ = 0.50)\; dipole antennas were obtained for the opti-
mized cases and were normalized to their E,,, values. They
are plotted, respectively, in Fig. 14(a) and (b). Comparisons of
the normalized E plane and H plane electric field patterns gen-
erated by this 0.325)g dipole-block system and by the 0.325)
dipole alone in free space are shown, respectively, in Fig. 15(a)
and (b). The corresponding results for the CLL-based meta-
material block replaced by an infinite PMC ground plane, the
ground plane coinciding with the block face closest to the dipole
antenna, were calculated analytically and are also included in
Fig. 15(a) and (b). Fig. 14(a) and (b) show that the antenna
field patterns resulted in a deep null in the back direction for
the £ = 0.08\¢ and £ = 0.325\¢ cases. This deep null leads
to the very large realized front-to-back ratios. The block re-
moved the usual antipodal backlobe found with such finite small
ground plane-like structures. The small lobes in the E plane pat-
tern in the back hemisphere of the / = 0.325)\, case are as-
sociated with the edges of the block. In particular, recall that
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Fig. 15. HFSS predicted normalized field patterns generated by the 0.325X,
dipole antenna when it is in free space, when it is over an infinite PMC ground

plane, and when it is in resonance with the two element CLL-based AMC block
system: (a) normalized E plane and (b) normalized H plane patterns.

the E plane (H plane) front and back edges of the block are
only 0.85X0(0.18\¢) long. The depth of the block is 0.22A¢;
the dipole is 0.04\( from the block for the resonant interaction.
Thus, the angle subtended by the top (bottom) edge of the back
of the block and the ends of the dipole is 45.3°. The peak of
the small sidelobe in the back direction occurs at 45.0° in rea-
sonable agreement with expectations from the finite size of the
block.

The field values showed a slightly better value, 2.29, than
the expected 2-fold enhancement of the reflected field exhib-
ited by the ideal infinite PMC ground plane case. Because the
¢ = 0.325) dipole interacted more uniformly with all of the
CLL elements in the block, it had the best front-to-back ratio,
44.31 dB = 164.25. The smaller £ = 0.08)\, dipole antenna
results were very similar. However, because the dipole interacts
directly with fewer elements, the front-to-back ratio was only
33.89 dB = 49.47. On the other hand, once the block is in res-
onance with this smaller dipole, its patterns have no sidelobes
in the back direction and the block significantly enhances the
reflected field maximum, 6.26, over its free space value. The
front-to-back ratio decreased substantially for the £ = 0.5)
dipole antenna for the fixed metamaterial block height. The res-
onance effects of the larger dipole are weakened by the edge
interactions. The patterns show a coalescence of the two small

back lobes seen in the £ = 0.325)¢ case into one larger one with
its maximum being in the back direction. The reflected field is
also decreased resulting in only a slightly better value, 1.22, than
the free space value. Nonetheless, it is anticipated that a larger,
specifically designed block would provide a performance en-
hancement similar to the ¢ = 0.325)¢ case.

We emphasize that the distance of the dipole from the block
to achieve the resonant interaction in all of the cases was
significantly smaller than a wavelength. Moreover, despite the
sub-wavelength size of the block, the front-to-back ratios in
the highly resonant cases are much better than those associated
with many standard antennas, particularly those situated near a
ground plane or other conducting structures. However, if further
enhancements of the broadside E plane or H plane directivities
were desired, the size of the block would have to be increased
to allow for some sort of texturing of its surface or the insertion
of additional structures. In this manner one could achieve soft
or hard surface effects or electromagnetic bandgap effects that
would allow one to redirect some of the side and back-directed
field energy in the E or H plane toward the broadside direction.
The dipole-block interactions would have to retuned for any
such modified configuration.

Finally, we show the HFSS predicted near-field electric field
distributions in the yz- and xy-planes for the £ = 0.325A( case
at its resonance f = 9.987 GHz in Fig. 16(a) and (b), respec-
tively. The front-to-back ratio of the magnitude of the electric
field along the y axis at a point —1.2 mm = —47.24 mils away
from the dipole (2.4 mm in front of the CLL-based metamate-
rial block) and at a point +9.004 mm = 354.49 mils from the
dipole (1.2 mm behind the block) is 50.46, i.e., the field behind
the AMC block in the backward direction is 34 dB smaller than
it is away from dipole toward the forward direction. Thus, the
CLL-based metamaterial block provides very good isolation be-
tween its front and back sides even in the near-field.

VII. CONCLUSION

A CLL-based metamaterial block was designed to act as
an AMC at 10 GHz. Both finite and infinite versions of the
block were considered. The finite-sized block was fabricated
and tested experimentally in a free-space configuration. Good
agreement between the simulation and experimental results was
demonstrated. The two CLL-deep metamaterial AMC slab pro-
duced in-phase reflections near the predicted frequency when
the gaps of the CLL elements were facing the source. Although
there was no ground plane backing the slab, it nonetheless
acted as an AEC and produced out-of-phase reflections when
the waves were incident from the opposite direction. Four
CLL-deep metamaterial AMC blocks were also considered. It
was shown that the orientation between each of the CLL ele-
ments and the incident field was critical to obtaining the desired
AMC performance. The +45° bandwidth was approximately
10% in each of the AMC cases.

The use of the two CLL-deep metamaterial AMC block for
antennas was also considered. Simulations of the interaction
of a dipole antenna with the metamaterial block showed better
than the expected AMC behavior. Resonant responses were ob-
tained when the distance between the dipole and the metamate-
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Fig. 16. HFSS predicted electric field distributions in the near field of the 0.325A dipole antenna when it is in resonance with the two element CLL-based AMC

block system: (a) E plane and (b) H plane.

rial block was optimized. Significantly enhanced electric field
values in the reflected field region and front-to-back ratios were
demonstrated.

The potential ability, for instance, of the two CLL-deep
metamaterial AMC block, for instance, to shield (in the near
field) a cell-phone user while more than doubling the radiated
field strength away from that user (in the far field) suggests
one possible application for such metamaterial-based AMC
blocks. The in-phase and out-of-phase reflection properties of
the CLL-based metamaterial block along with its enhanced
front-to-back ratios suggests other potential wireless appli-
cations including an effective means of isolating radiating
elements in close proximity to each other. Antennas other
than a dipole may even be more suitable for integration with
these AMC blocks. Several of these issues are being studied

currently. The results of these investigations will be reported
elsewhere in the near future.
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