


tions on the unit cell walls, we can solve one unit cell vir-
tually embedded in an infinitely large EBG surface [8].
Periodic boundary conditions allow for the solution of a
single unit cell while still including mutual coupling effects
from all neighboring cells [9]. Figure 7 shows an example
mesh and current-intensity plot for the EBG unit cell for a
single mode. Figures 8 and 9 illustrate the FEM analysis of
the atmosphere above a unit cell and the resulting surface
intensity, respectively. In order to improve the isolation for
real-world systems and not merely illustrate an academic
curiosity, we must ensure that all propagating modes are
blocked. This requires solving for the currents and fields
using the FEM to obtain a complete set of modes and
determining which modes will propagate by using a dis-
persion diagram, such as the one shown in Figure 10.

A dispersion diagram is equivalent to the Bloch dia-
grams used to illustrate the energy-band structures in
periodic crystalline media [10]. The two lowest-order
modes shown in Figure 10 are plotted as curves of the
frequency at which the mode occurs versus wave vector.
The frequency band in between the two mode curves is
where no modes can exist for a given wave vector; this is

Perfect electric conductor

JOHN SANDORA

Dispersion Diagram

/—0-0-0-0

b\

rAx ) /

N

7

\_|

Y35 .

=~ 30 / /m Mode 1 \\ \

? 25 /// -~ Mode 2 \ \

S 20 / — Speed o light boundary] |
10 . )
s \
0

r X M r
FIGURE 10. Conventional unit cell analysis produces a dis-
persion diagram showing the propagation modes and the
associated band gap. I', X, and M are the wave vectors, and
Mode 1 and Mode 2 are the transverse magnetic and trans-
verse electric low-order eigenmodes.

the band gap. Although it is mathematically complete,
one of the problems with the dispersion diagram is that it
is computationally intensive. Because each point requires
a full FEM solution, it therefore is not well suited for a

practical design-flow procedure.
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FIGURE 11. Electromagnetic image theory explains the in-phase and opposite-phase correlations
between electric and magnetic fields at conducting surfaces [3].

VOLUME 19, NUMBER 1, 2012 ® LINCOLN LABORATORY JOURNAL

57



58

ELECTROMAGNETIC ISOLATION IMPROVEMENT WITH EBG SURFACES

Reflected phase versus frequency
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FIGURE 12. The reflected phase off an EBG surface

crosses the 0° (perfectly in-phase) reflection point just

as the theoretical magnetic conductor would.
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An alternative process requires a single FEM solution
of the unit cell and investigates the reflected phase. As
electromagnetic waves bounce off a surface, they undergo
a phase shift that depends on the electrical properties of
the surface [11]. Figure 11 illustrates the image theory
principle and reflection phase for perfect electric and
magnetic conductors.

Basic electromagnetic boundary conditions deter-
mine that the reflection phase for a perfect electrical con-
ductor (metal is a good approximation) is -180° for all
frequencies [4]. In other words, the reflections off a metal
surface are out of phase with the incident wave. Perfect
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FIGURE 13. The analytical results on the EBG test board demonstrate the improvement over the metal ground
plane. All experimental results in this research were closely matched to the FEM analysis calculations.
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magnetic conductors do not exist in real life, but are only
postulated in electromagnetic theory. If such a surface
existed, it would have the property that reflected waves
would have 0° phase shift and be perfectly in phase with
the incident wave [4].

One of the reasons that EBGs have generated such
excitement in the field of electromagnetics is because,
within their band gap, they approximate certain charac-
teristics of the purely theoretical magnetic conductor [2].
The theoretical becoming practical first becomes evident
upon noting the reflected phase off an EBG surface as
shown in Figure 12. The EBG appears to have reflected
phase properties similar to the theoretical magnetic con-
ductor. An alternative definition of the band gap could
be the frequency range for which the reflected phase is
within £90°, because within this frequency range the
reflections off the EBG surface are at least partly in phase
with the incident wave. As will be shown next, these £90°
frequency points map approximately onto the frequen-
cies for which the EBG blocks surface waves. So although
the reflection phase has interesting applications for low-
profile antennas, which can be placed flat onto an EBG
surface (and have their reflections still add up in phase),
in this context it is an efficient design procedure for the
isolation problem [12]. Now we have a simple way to
determine the band gap frequencies accurately from a
single unit cell simulation.

Isolation Improvement

The theoretical electromagnetic implications of textured
surfaces discussed in the previous section have been an
intense area of research in the academic community, but
the practical benefits of having such a surface that can
“block current” is very real-world. Through numerical
simulations of the reflected phase, we have shown a simple
way to determine the band gap range of frequencies from
a single unit cell simulation. But simulating a realistic-
sized EBG with thousands of unit cells is well beyond the
capability of today’s computers. Therefore, accurately
determining the isolation improvement that the EBG can
provide must be determined experimentally.

Now that a straightforward design procedure has been
found, the next step is to develop a test case to determine
how well the EBG performs in the real world. Figure 13
shows the set of experimental conditions to measure the
baseline isolation between two antennas. The top left image

JOHN SANDORA

FIGURE 14. Lincoln Laboratory’s millimeter-wave
anechoic chamber is an ideal location to test the EBG’s
capability of reducing or eliminating propagation between
nearby monopole antennas. The electromagnetic shielding
and interior wall configurations reduce the noise levels.

is a top-down view of the actual monopole antennas on a
normal metal ground plane. The ground plane dimensions
are 3 inches wide by 5 inches long, with a 4-inch spacing
in between the two antennas. The right image is a current-
intensity simulation for this baseline case.

The bottom left side of Figure 13 is the EBG test board.
It is has the same outer dimensions as the metal plate (3 x
5inches) and has an identical metal ground plane, but the
center 3.75 inches are now covered with EBG. The EBG
test board’s current-intensity simulation is shown on the
right. With the EBG surface present, the current now has
extreme difficulty propagating across the board. With
the current significantly decreased, the electromagnetic
isolation between the two antennas is correspondingly
increased, as proven in the following measurement.

Isolation measurements are performed inside an
anechoic chamber to provide a controlled test environ-
ment. The chamber prevents outside signals from inter-
fering with the measurement because the entire chamber
is shielded. Pyramidal absorbers line the chamber walls to
absorb reflections and bring the electromagnetic noise level
down well below the signals of interest. These measure-
ments were performed in the millimeter-wave anechoic
chamber located at Lincoln Laboratory (Figure 14/).

Isolation measurement results are shown in Figure
15. The figure shows the measured difference in decibel
scale between the baseline and EBG test boards ver-
sus frequency. The red dotted line is at 0 dB, which is
normalized to the baseline coupling level from the bare
metal ground plane test case. The vertical orange dot-
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Measured isolation relative
to a metal ground plate
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FIGURE 15. Isolation measurements of the planes shown
in Figure 4 show the marked improvement of the EBG over
both baseline metal and MAGRAM.

ted lines are at the +90° phase frequencies found from
the unit cell simulation. To the left of the first orange
dotted line are the frequencies below the EBG region,
and the positive values of the relative isolation indicate
that there is stronger electromagnetic coupling in this
region with the EBG than with the bare metal ground
plane. Within the band gap region (between the two
orange lines), the isolation has improved by more than
20 dB (a factor of 100 in linear scale). Negative numbers
mean that less energy is coupled relative to the baseline
case. Interestingly, past the right orange dotted line (the
+90 degree reflection phase point), the isolation level
is still improved. The band gap is the range over which

all modes are blocked, but some individual modes are
rejected over a wider range. Over such a short distance
(8.75 inches) a sheet of MAGRAM only improves isola-
tion by approximately 3 dB (factor of 2).

Conclusion

The EBG has been shown to be remarkably effective at
blocking surface waves from propagating over its band
gap range of frequencies. The design presented here had
a band gap from 11 to 17 GHz, approximately 43% of the
center frequency. For other applications, the EBG unit cell
may be scaled in size to operate at any frequency band:
larger unit cells work for lower frequencies, and vice
versa. EBG technology is presented here as an alternative
to MAGRAM over limited frequency ranges. The EBG is
still an active area of research in the field of electromag-
netics. Extending its band gap range by using multilayer
unit cell designs is the next step in EBG investigation. The
PCB realization of these devices enables rapid verifica-
tion of concepts, but eventually computational techniques
will develop to where the entire EBG-coated body will be
able to be analyzed. More practically, however, additional
work must be done to improve the conformal coating
process for real-world bodies. A conceptual example of a
fully coated helicopter airframe is presented in Figure 16.
Because the EBG is more effective than the current alter-
native, however, these obstacles will likely be overcome by
many future electromagnetic systems looking to reduce
their effect on, or the effects of, their neighboring systems.

FIGURE 16. The larger test bodies show improvements in both MAGRAM (left) and EBG (right) surfaces, as expected,
because of the longer separation between monopoles. Still, the EBG surface is clearly an improvement over MAGRAM and

metal (baseline) surfaces.
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