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TSAR Modeling of a TEM Horn and Surrounding Structure

Wa.g C. Ng and Steven T. Pennock
Lawrence Livermore National Laboratory

t

. Introductioh

Modeling of a TEM horn was performed with the TSAR FDTD
electromagnetics code. The modeling was done in stages, beginning
with the simplest case, the bare antenna itself. Complexity was added
in the form of a dielectric lens, an enclosing cylinder, a layer of
absorber inside the cylinder, resistive terminations between the horn
and cylinder, and a flat plate over all, electrically separate from the
cylinder. The final configuration included all of the above, plus a ring
of ferrite inside the cylinder, just ahead of the horn. A cut through the
complete finite-difference model is shown in figure 1.

Predictions of the far-field were made at roughly ten degree
increments, more closely spaced near boresight, in both vertical and
horizontal planes, through the antenna's centerline. Time histories at
those points were evaluated, and from the time histories power
densities were calculated. Both time histories and power densities will
be presented for the configurations modeled.

l1. Model Construction

The finite-difference model was built using the standard TSAR
procedure. First a solid model of the complete structure was created
with MGED (Multi-Device Graphics Editor). This representation
consists of a continuous description of the complete object, with no
symmetry invoked and all the parts for the final model included.
Anastasia, the program which samples the solid model and creates a
finite-difference mesh, was then used to create the grids which were
used in the calculations.

Initially, only the horn itself was meshed, then more parts were added
as the complexity of the model was increased. By first creating the
complete model, then meshing only parts of it, possibie difficulties with
separate solid models were avoided.

Because of the shape of the horn antenna and the fact that TSAR
uses cubical cells which do not conform well to a curved surface, it
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was necessary to grid much finer than the standard 10 cell per
wavelength rule at the highest frequency of interest. Early models at
7mm and S5mm resolution were tested, (14 cells and 20 cells per
wavelength, respectively), and the decision was made to use the
5mm, 20 cell per wavelength model (at 3 GHz in free space). This still
allowed 12 cells per wavelength in the dielectric lens region.

t

Ill. Simple Antenna

Once the solid model was built and meshed, the first calculations
involved only the antenna itself, with no surrounding structuras. Some
results from experiments were available for the basic case and for the
next step, the addition of a dielectric lens. Initially, the output from the
code did not show the pulse sharpening with the addition of the lens.
After discussions with Dr. Buchenauer at the Phillips Lab, it was
determined that higher frequency content in the source radiator was
required. A Gaussian pulse, down 3 dB at 3 GHz from its peak value,
was selected to match the experimental data. The increased higher
frequency content brought about the pulse sharpening on boresight,
bringing the code results into reasonable agreement with the
experimental data.

For the simplest cases, comparisons were run using different planes
of symmetry. Because an FDTD program is memory- and compute-
intensive, we wished to maximize the amount of symmetry invoked. A
model of one-half the antenna, with a perfect magnetic conductor
(PMC) vertically along the antenna's centerline, was compared to a
one-quarter antenna model, which used a horizontal perfect electric
conductor (PEC) in addition to a vertical PMC. Agreement between
the two models was excellent until well above the upper frequency
limit set by the cell size, so for models up to the inclusion of the flat
plate, the quarter antenna model was used. A cut through the
centerline of the model is shown in figure 2. (The imaged lower half is

also shown).

To excite the problem, a single E-field node was driven in the throat of
the antenna. The waveform used was the above mentioned Gaussian
pulse, with a peak of 1 volt/meter. Full-width at half-maximum for the
pulse was 10 At. Far-field test points were located at a 5 meter
distance, in both horizontal and vertical planes. For most of the runs,
the theta component was selected, (see fig. 2), as this matched the
antenna polarization. Selected runs were also made with phi-
polarized output, but the results were orders of magnitude down from
the theta-directed values, and consisted almost completely of noise,
so they are not included here.



All the comparisons for the different configurations modeled will be
made with the results of the Gaussian input puise. Since the
variations in response with changes in the model were of interest, it
was decided to simply plot the results from the Gaussian excitation.
Scaling to higher input voltages for a Gaussian pulse requires only a
simple multiplication. Plots of the impulse response on boresight and
ten degrees off boresight will be added as an appendix. Plots for all
configurations are made with identical scales amplitude and time, so
that corrparisons between the configurations may be easily made.
Power density plots will also be plotted on the same vertical scale as
the largest power density response.

With the antenna alone, (no lens), the maximum absolute field value
occurred on boresight, (theta=90, phi=180), 1.6E-03 V/m, as shown in
figure 3. This corresponds to a peak power density of 6.8E-09 W/m2.
The pulse dies out rapidly, decaying in approximately 2.4 ns.

Figures 4 through 16 show the theta component in the vertical plane.
Moving off boresight vertically, the peak field value diminishes
steadily. Up to ten degrees off boresight, this is due to the interaction
between the direct pulse and the diffracted pulse from the edge of the
cone. Note that the direct radiation alone, the first negative-going
peak in the plots, is almost undiminished through theta = 80 degrees.
Only after theta reaches 70 degrees is the direct pulse clearly reduced
in amplitude. Moving further off boresight, the fields continue to
decrease, down to a peak amplitude of about 1.25E-04 V/m at ninety
degrees off boresight (theta = 0).

Similar results are seen in the horizontal plane, shown in figures 17
through 29. The direct wave is not noticeably diminished until 20
degrees off boresight (phi = 160), although the peak value does
steadily decay, down to approximately 1.7E-04 V/m at 90 degrees oft

boresight (phi = 90).

Plots of power density show a steady decrease in both planes as the
test location moves off boresight. Included are plots of power density
versus time in both the vertical and horizontal planes, and polar plots
of peak power density versus angle in both planes, which show that
the beamwidth is quite narrow, even before installing the dielectric
lens. (Figures 30 through 57).




IV. Antenna and Dielectric Lens

The next set of calculations was performed with a dielectric lens
added to the basic antenna. The lens is a section of a sphere, with a
relative dielectric constant of 2.26. A cross-section of the mesh is
shown in figure 58.

Figure 59 shows the E-field time history on boresight with the lens in
place. Comparing the results with the no lens case, the pulse is
delayed in time due to propagation through the dielectric.

Constructive interference between the direct wave and the diffracted
wave from the edge of the cone approximately doubles both the initial
negative-going pulse and the largest positive pulse. The main body of
the pulse is reduced in time from about 850 ps to about 525 ps.

The amplitude of the late time response is reduced relative to the
peak-to-peak amplitude when the lens is added, from about 15% with
no lens to about 8% with the lens. Also, there appears to be less
constructive and destructive interference in the late time, resulting in
more uniform ringing. The pulse dies out slightly sooner than with no
lens, after about 2.2 ns.

Moving off boresight, a reduction in amplitude is immediately
noticeable. In the horizontal plane, moving only 2 degrees off
boresight reduces the peak-to-peak amplitude of the main pulse to
about 87% of the value on boresight. The decay continues rapidly, so
that at 20 degrees off boresight the peak-to-peak amplitude is reduced
to approximately 14% of the boresight value. At 90 degrees off
boresight, the peak-to-peak amplitude is only 7% of the boresight
amplitude.

Similar behavior is observed in the vertical plane. Also noticeable is
the loss of the higher frequency components off boresight. The
reduction in the higher frequencies is noticeable even at 5 degrees off
boresight vertically. When compared to the boresight response, the
main body of the pulse is spread out in time, indicating a loss of the
higher frequencies.

The reduction in amplitude off boresight continues in the vertical cut
through 90 degrees, where the peak-to-peak value is approximately
5% o? the boresight amplitude. Plots of the E-field in the horizontal
and vertical planes with the lens in place are shown in figures 59
through 85.



In terms of power density, the maximum value on boresight is about
3.3E-08 w/m2, (3.3E-09 mw/cm2). The fall-off as one moves off
boresight is very apparent in the power density plots, figures 86
through 112, and a plot of peak power density versus angle, figure
I112 B, shows how narrow the beamwidth is with the addition of the
ens.

V. Addition of Canister

The next change to the model was to add a cylindrical can to the
antenna and lens combination. The can was 2 meters in length and
65 centimeters in diameter. The antenna was mounted near the open
end of the can, and the other end of the can was closed. The can was
long enough such that reflections from the closed end did not interfere
with the main body of the pulse. The antenna was not electrically
connected to the can for this set of calculations. A cut through the
centerline is shown in figure 113.

The most apparent effect of adding the can is the continued late time
ringing. Rather than the pulse dying out after 2-3 ns., it continues
ringing beyond 12 ns. with the can, and did not die out completely
during the computed time record. A reflection from the closed end of
the can may be identified about 6 ns. after the main pulse, with the
other ringing resulting from the exitation of modes within the can.

Comparing the field history on boresight with the antenna/lens case,
there is about a 12.5% reduction in peak-to-peak amplitude. This is
almost entirely due to a reduction in the initial negative-going pulse, as
the major positive peak is only slightly diminished. Since this occurs
so early in time, it must be caused by diffraction from the open end of
the can. This suggests that the distance from the antenna to the open
end of the can could be an important design consideration.

The can also induces changes in the initial ring-down phase, the first
nanosecond after the main peak. With the can in place, there is more
energy in this portion of the waveform, and since it is still early in time,
could be caused by interaction between the antenna structure and the
can.

Moving off boresight, a trend similar to that with no can is observed.
The amplitude is reduced as the angle from boresight is increased.
Beyond 10 degrees off boresight, though, the amplitude with the can
is clearly reduced from the case with no can. The initial pulse is
almost entirely eliminated as the move from boresight continues. The
reduction is a little more apparent in the vertical plane than the
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horizontal. Very little energy remains at 90 degrees off boresight in
either case, ho:vever.

Plots of the fields are shown in figures 114 to 140. Power densities
versus time are shown in figures 141 to 167, and power density
versus angle in figure 168.

¢

V1. Addition of Absorber

The next case was the addition of a 2 inch thick layer of lossy material
to the inside and end of the can. The relative dielectric constant and
the conductivity were adjusted so the material was one skin depth
thick at 1 GHz. The values obtained for the relctive dielectric constant

and the conductivity, (Er = 1.5, ¢ = 0.03 s/m), are very near those of
some commercially available products.

A cut through the finite difference mesh is shown in figure 169. On
boresight, only small changes in the late time waveform are observed.
There is some small reduction in the amplitude late in the response.
Also, a very small reduction is noted in the first positive peak and in
the following peaks. The initial negative-going peak remained
unchanged.

As the angle is changed from boresight, similar behavior is observed
in both the vertical and horizontal planes. The late time response is
reduced slightly, but no major changes are seen.

Time histories with the addition of the absorber are shown in figures
170 to 196. Power densities versus ‘ime are plotted in figures 197 to
223, and power density versus angle in figure 224.

Viil. Addition of Resistors

For this configuration resistive material was added to connect the end
of the antenna to the surrounding cylinder. Small blocks of material
were placed at intervals around the antenna to represent individual
resistors. They were assigned a conductivity of 0.85 S/m such that
the parallel configuration looked like 50 ohms.

Compared to the previous case, very little change is noticed. The
latter part of the initial pulse is diminished minimally, as is some of the
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late time behavior. The biggest difference appears to be at about 6
ns. after the main pulse. This is considered to be the reflection from
the end of the can, and the amplitude reduction seems to be the
greatest for this part of the record.

Comparison of the power density plots with those of the previous case
shows that the peak power density is slightly reduced by the addition
of the resistors. Plots of the field values are given in figures 225
through 251, power densities versus time in figures 252 to 278, and
peak power density versus angle in figure 279.

{X. Addition of Flat Plate

At this point, a flat plate was added just above the cylinder. The plate
was longer than the cylinder, with a 250 mm overhang at the front. It
was also slightly wider than the diameter of the cylinder. Memory
considerations limited the width of the plate. Since vertical symmetry
was broken, fully one-half of the antenna needed to be modeled,
greatly increasing memory requirements. The horizontal PEC
symmetry plane was eliminated, leaving only the vertical PMC
symmetry plane. Views of the model with the plate are shown in
figures 280 and 281.

With the plate installed, a very slight reduction in peak-to-peak
amplitude is observed in the main pulse, as seen in figure 282.

There is an increase in the amplitude of the ring-down portion,
roughly the first nanosecond after the main pulse. The remainder of
the time record remains basically unchanged. Diffraction from the
front edge of the plate could account for the interference effects noted
as changes in the first few nanoseconds.

Similar effects are noted in the time histories off boresight. The main
pulse is very slightly diminished, and increased amplitude is seen in
the early ring-down, in both the vertical and horizontal planes. The E-
field time histories off boresight are plotted in figures 283 through
308. Power densities are shown in figures 309 to 335. The changes
due to the plate are slightly easier to observe in the power density
plots. A plot of peak power density versus angle is shown in figure
336.

X. Addition of Ferrite Ring
In final configuration we added a ferrite ring to the inside of the

cylinder just ahead of the antenna. A dispersive magnetic material
algorithm was added to TSAR to model the ferrite. The algorithm

-7-




used was the dual of the dispersive electric material model, which was
based on the work of Kallman and Hawkins'. A two-pole model was
used, with values from a ferrite simulation given in DeFord, etal2.

The addition of ferrite lowers the propagation velocity of
electromagnetic waves. This greatly reduces the wavelength in the
ferrite, thus requiring much smaller cells to meet the standard 10 cell
per wavelength criteria. For an object théd size of this antenna and the
surrounding structures, this is simply not possible given current
computer and memory considerations. Since the ferrite ring
presented a relatively small cross-section to the outgoing wave, and
since the volume of ferrite is small compared to the problem space,
the problem was run using the 5 mm cell size as used in previous
simulations. Earlier simulations of simple ferrite blocks indicated that
too large a cell size would lead to increased reflections from the
surface of the ferrite, but for this model there seemed to be no other
option. The code remained stable and produced reasonable results,
but they are not precisely the results one would expect from a real
ferrite. However, the exact choice of parameters would also affect the
results from the code, so for comparison purposes, the current model,
even with its limitations, was used.

The code run with the ferrite resulted again in a slight reduction of the
initial peaks on boresight, about 5% for the negative-going peak and
10% for the positive, as compared to the previous case. A significant
reduction , on the order of 50%, is noted in the early ring-down
immediately following the main pulses, after which little change is
noted for about 1 ns. There is a definite reduction in the late time
ringing observed, with the exception of the section at about 11 ns,
which has been identified as a reflection from the end of the can. The
?verall behavior in the late time is improved by the addition of the
errite.

As the test position is moved off boresight, the reduction in the initial
positive and negative puises is less. The reduction in late time
ringing, garticularl of the higher frequency components, is
observable. This behavior continues in both the horizontal and
vertical planes, with the most notable differences in the late time
ringing and less difference in the main part of the pulse.

1Linear Electronic Dispersion and Finite-Difference Time-Domain Calculations: a Simple
Approach, R.J. Hawkins and J.S. Kallman,to be published in the IEEE Journal of Lightwave
Technology.

2Dispersive Soft Ferrite Models for Time-Domain Simulation and Their Application to Accelerator
Component Modeling, J.F. DeFord,G. Kamin, G.D. Craig and L. Walling, accepted for publication
in Particle Accelerators.
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The power density plots seem to bear this out. Definite reductions are
seen in the main peak, within 5 degrees of boresight. Beyond about 5
degrees, reductions in the peak still occur, but they are much less
pronounced. The plot of peak power density versus angle, figure 392,
is very similar to the previous case with the plate, just slightly reduced
in amplitude.

Plots of the E-field versus time are shown!in figures 338 to 364, and
power density plots versus time are in figures 365 to 391.

Conclusions

The addition of the dielectric lens to the simple antenna model
produced the most significant change to the far fields. Any further
addition to the model complexity resulted in reduced field levels on
boresight. These reductions were cumulative, until the model with
canister, absorber, resistors, plate and ferrite produced fields on
boresight about 22% lower than with the lens alone.

Except for the lens addition, none of the changes resulted in increased
amplitude off boresight. The addition of asymmetry in the forra of the
plate also did not result in increased side lobe behavior. The coupling
between the vertically polarized wave and the horizontally oriented
plate was not strong enough to divert the main portion of the beam nor
to produce any side lobe increase.

The addition of the can had a significant effect on the late time
behavior, producing ringing, as would be expected. Since the can
extended beyond the antenna proper and the lens, interference
between the direct wave and the diffracted wave from the end of the
can reduced the amplitude of the main pulse. The exact distance that
the can extends beyond the antenna, as well as the can's diameter,
might be adjusted to optimize the amplitude of the main pulse. These
\éalqes should be considered as part of the overall antenna system
esign.

The late time ringing was reduced by the addition of absorbing
material, as well as by the ferrite ring. Since a linear, non-dispersive
model was used for the absorber, reflections from a real absorber may
not be as large. Also, the thickness of the absorber and it's exact
placement should be studied when designing the antenna system.
The presence of a large reflection from the back end of the can
indicates that more absorber may be necessary there. It might be
possible to reduce the amount of absorber on the sides without
increasing the amplitude of the ringing significantly. Since the fields,
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even in the late time, are mainly on or near boresight, perhaps the
absorber could be eliminated entirely, reducing concern for
overheating when high power is encountered.

Adding resistors to the front of the cone did not seem to accomplish
much in the simulations. However, since a hard drive was used to
excite the problem, (E-field nodes were assigned values), one would
not see the change in input impedance that might result in a real
system. Unless a very good model is developed for the feed region of
an antenna, the question of whether or not to include resistors might
be best answered experimentally.

The addition of a plate over the antenna and can also did not produce
large variation in the far-fields. While computer memory restrictions
did not allow a truly large structure to be put in place, still there was
enough material present in front and to the side of the antenna to have
had some effect, particularly at higher frequencies. It appears that the
vertically-polarized wave launched does not couple strongly to the
plate as modeled. The reduction in amplitude of the main pulse does
suggest that destru stive interference occurs between the direct pulse
and the diffracted wave from the plate. This suggests another design
option, the distance the antenna is mounted behind the front edge of
the plate. There may be an optimum location for the
antenna/can/plate combination, with the reduction in amplitude on
boresight minimized for the proper geometry. Changing the layout
and re-running the simulation would tell whether or not the amplitude
would be significantly effected.

The ferrite ring seemed to be most useful in damping late-time
reflections. If better absorber were used in the can, or if late-time
reflections were deemed insignificant, the need for the ferrite would be
reduced. Since no apparent gain was made by the addition of the
ferrite, it might be best left out in the interest of weight saving. The
model used for the ferrite, and the inability to use enough cells,
suggests that some further studies or experiments be performed prior
to a decision as to whether the ferrite should be included.

Overall, this antenna system seems to be a good, robust choice for
directing energy predominantly in the forward direction. The
beamwidth is relatively narrow, accomplished with a simply shaped
dielectric lens, and is not strongly influenced by the presence of other
materials around the antenna. Side lobe levels are low in both
horizontal and vertical planes. If only a main pulse is desired,
absorbing material can diminish late time ringing, but this is not
necessary to contain the energy in the main beam. In the computer
model, the cross-polarized component was greater than 100 dB down
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from the main peak, indicating cross-polarization effects are not a
concern. The general conclusion is that this antenna system would be
a good one for keeping the energy where it is desired.

*Work was performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract W-7405-Eng-48.
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Figure 22. E-f1eld of sisple antenna 20 degrees horizoatally off Doresight .
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Figure 24. E-field of simple antenns 40 degrees horizontally off Doresight .
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Figure 27. EZ-fieid of simple entenns 70 degrees horizontally off boresight.
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rigure 29. E-field of simple antenns 90 deqgress norisontally off boresight .
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rigure 28. E-field of simple antenns 80 degrees horizontally off bocesight.
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figure 30. Power density of simple antenns oo boresight .
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Figure 31. Power Gensity of simple antenns 0.4 degrees verticslly oft boresight. rigure 32. Power density of 3ispls antenna 3 deqrees vertically off boresight.

*183 Far flels Cineta st @ + 3.008C+00, Theps + 8.ZIC+01 Pni < 1. OBGC-62
D8 0184 For fleld Cihets ot R = 5.800C<80, Theta + 8.488C+81 Pni - 1.008C+82 D8 o103 Far flele e bnd -

13 -i' 1S
}

4 [ [ ]

18

12

14

16

c-9

2

e

4

Tise (secend)

12

16

19

Tine (secend)

.7 1 .
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rigure 33. Power density of simple antenna 10 degrees vertically off boresight.
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Figure 36. Power density Of simple antenna 20 degrees varticelly off boresight.
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Figure 38. Power density of simple antenns 40 degrees vertically off boresight.
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Figure 39. Power density of simple antenns 30 dagrees wvertically off boresight.
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rigure 41 Powar Censity of simple antenna 70 degress vertically off boresight
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Tigure 40. Power density of sisple antenns 60 degrees vartically off boresight.
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figuse 42 Power density of simpie antenna 80 degrees vertically oftf boresignt.
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Figure 43. Power dansity of simple antenna 10 degrees horizoatally off boresight.
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rigure 30. Power density of sisple anteans 30 degrees horisontally off boresight.
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Figure 352. Power density of simple antenna SO degrees horizontslly off boresight.
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Figure 34. Power density of simple antenna 70 aegrees horisontally off boresight.
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figure 33. Power density of simple antenna 80 degrees horizontslly off boresight.
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figucre 56. Power density of asimple antenna %0 degrees horizontelly off boresight.
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Figure 57. Power density of simple antenna versus angle.
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Figure 58. Cut through FDTD mesh with lens.
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Figure 113. Cut through FDTD mesh with canister.
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€S

Power denity (Weed)

Poser donily (Well)

D8 0182 For fleld Cihets ot R = 3.000C+00, Thets « 0.968L+81 Ph1 - 1.800C+82

18

[2g ]

riguce 142. Power density with can 0.4 degzees vertically off boresight.

D8 4104 For fleld Etheta o

Time (sesend)

AR - 3.000C+00, Thats ° 9.480C+81 Pni - 1.800C02

12

14

16

18

-
“

10

[ ] 18
Tine (second)

12

16

[+ ] OI.AI For fleld Ethets at R - 5. 000C*88, Theta + 0.788E+81 Ani - 1.0000+02

134

Power denity (Was2)

18

[ 3 J

c-9

[ ] 18
Tias (sesend)

Figure 143. Power density with csn 3 degrees vertically off boresight.
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Figuce 1493 Power density with can 40 degrees verticelly off boresight.
figure 148. Power density with can 30 Oegrees vertically oft bDoresight
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Figure 152 Powar density with can 10 degrees vert ically oft boresight
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Figure 151. Power density with can 60 degrees vertically off bocesight.
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Figure 153. Power density with can 90 degrees verticslly off bosesight
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Figure 154. Power density with can 30 degrees vertically off boresight.
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Figure 155. Power density with can 2.} degrees horizontally off boresight
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figure 158. Power density with cen 3.4 degrees horiszontally off boresight
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Fagure 139. Power density with can 10 degrees hori -ootelly off Doresight.
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figure 162. Power density with can 40 degrees horizontally off boresight .
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DS €18 Far fleld €t - S.800C -
o ar field Etheta at R - 5.000C+80. Thets - 3.808C+81 Pri - 1.730C-02 DS 619 Fer fleld Etheta at R = 5.000C+88, Theta = 9.000C+01 Phl = 1.706L+82
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figure 186. E-fieid with absocrber 7 degrees horizontally off Docesight Figure 107. E-field with ebsocbec 9.4 degrees horaizontally off boresight.
DS 028 Far fleld Etheta at R + 5.000C+08, Thets - 9.000C+81 Pnl - 1.780C+82 DS 021 For fleld Ctheta at R = 3.0060+88, Thete = 9.083C+81 Phi - 1.688C82
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DS 22 Far fiuld Ethet

e ot R = 5. 000C+80, Thets - 9.008€+81 PRI - 1.S88C+82
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Figure 190. E-field with
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Time (secend)
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figure 191. £-field with absorber 40 degrees horizontally off bocesight

DS 025 Far fiele Etheta at R - S.000C+88, Thete~= 9.803C+81 Pni =+ 1.2000+82
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c-tield (V/a)

g~410ld (V/m)

DS 026 Far fleld Ethets &

t R« 5.000C+88, Thets - 9.000€+81 Pni - 1.100C+82

b8 ¢28 For fleld Cthete at

rigure 19%4.
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g-fi1eld with absorber 70 deg
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cees horisontally off boresignt.
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4

- “ac

[ L 10 12 14 16
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rigure 195. E-field with absorber 80 degrees norizeontally off boresight.
- DS 9181 Far fleld Etheta at R « 35.000C+08, Theta - 9.008E+81 Pni = 1.008E+82
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Figure 197 Power density with absorber on boresight.
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08 ¢182 Far field Ctheata at R = S.000E+80, Theta = 5.968E+81 Phi - 1.008C+82

s 3 0

Power donsity (M/mie2)

-
L ]

i,

69

[ 18 12 14 16
Tine (sesend)
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Figure 196. Power density with absocber 0.4 degress vertically off boresight.

DS €104 For field Cihwte ot R o 5.000C+08, Thets - 8.400C+01 Phi - 1.000E+82

g 8

Power donsity (t/ete2)

-
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€9 Tiee (secend)

Fioure 200 Power density with absorbar 3.2 degrees vertically off beresight.

OS 4183 For fleld Etheta ot R « 3.06CZ+08, Thets = 9.708C+81 Pni - 1.000C+02

1s

Power density (W/ee02)
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Figuze 199. Fower density with absorber 3 degress vertically off doresaght.

DS 0185 Far fleld Etheta at R - 3.000C+08, Thaty = 8.200€+81 Pl ~ 1.008C+82
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Power demeity (W/ese)
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s 2 . [4 . 18 12 14 16 1
Tian (secend)

Figure 201 Power dendity with sbsorber 7.7 degress vertically off Doresight.




DS 0186 Fer fleld Ethets at R = 5.880C+68, Theta - 0.800C+81 Phi - 1.898E+82 DS #1807 Far fleld Ethete ot R - S.008E+88. Theta - 7.808E+81 Phi - 1.000E+82

Power donsity (W/uee2)
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Powar denslty (W/mee2)
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r 203, Power densit ith .
Figure 202. Power density with sbsorber 10 degrees vertically off boresight. iqure ve 31ty with apsorber 20 degress vectically off borsaight
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DS 9188 Far fleld Ethets ot R = S.008C+88, Thete - 6.08BE+0: Phl - 1.000€+82
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Powsr densily (Wmees2)

DS 9189 For fleld Etheta st R < 5.008€+80, Thets = 5.008E+81 Pni = 1.008€+82

Power donslty (W/mee2)
-
b

19

-9

z < P4 . 10 12 14 1% 1 . P4 Pt P4 s 18 az 14 15
€-9 Time (secend) c-3 Time tescond)




1L

DS 0118 For fleld Etheta at R = 3. 000E+88, Theta © 4.008C+81 Phi « 1 S0GE+82
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Power donsitly (W/meed)
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figure 206. Power density with ebsorber 50 degress vertically off boresight.

DS 0112 Far fleld Etheta ot R ~ 3.000C+80, Thete - 2.0080+81 Phi - 1.000C+82

Power donaity (Waeel)
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Figure 200 Power Cdensity with absorbar 10 deqgrees verci-ail: ntf DOresight .
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DS 0111 Far flald Etheta at R « S.000E+88, Thets - 2.008C+81 Pni - 1.088C+62
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€3 Time (sessnd)

Figure 207. Power densily with absorbec 60 degress vertically off botesight.

DS 0313 Far field Cthete at R = S . SBEE+ES, Theta -~ 1.060C+81 FPni - 1.800C+02
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Fiqure 209. Power density with sbaocber 80 degrees wvartically off Doresight .
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- DS 0114 Far fleld Etheta at R - 5.890C+00, Theta - B.00BE+88 Phi « 1.B80C+82 DS 6116 Far fleld ECthete st R = 5.000C+30, Theta - 9.808C+81 Phi - 1.777E+42
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Figure 210. Power density with absorber 90 degress vertically off boresight. Figure 211. Power density with absocber 2.3 degress hogizoatally 02f boresight
DS 0117 Far fleld Cinete at R = S.900C+88, Thets = 9.808E+8: Phi - 1.733E+82 DS 0118 Far fleld Ethets st R - 5.800E+88, Thets - 9.000C+81 Pni - 1.730E+82
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»” 284
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rigure 212. Powes o'cnuly with'absorber ¢.7 degrees horizontally off boreaight. Figure 213 Power deasity with absorber 7 degress hozizontally off boresight.
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Powsr donsity (W/meed)

Power deneily (Weeed)

DS 0119 Fer (leld Ethate at R =~ S . 000C+00, Theta ~ 9.000E+81 Phi - 1.706E+82
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- £ 4 4 [ 3 ] 1. 12 14 16 19
Tiee (cesend)

Figuss 214. Power density with absorber 9.4 degress hocrizontally off boresight.

DS €121 Far flold Cinete ot R = S.000E+88, Theta « 9.888E+83 Pni - 1.6006+82
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Time (secend}
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DS €128 Far figld Ethets st R - 5.000E+88, Thets ° 9.088C+81 Phi - 1.788E+82
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Figure 215 Power density with absorbec 10 degress horizoatally off Dotesight.

DS ¢1Z2 Far fleld Ethets ot R = S.008E+88, Thate - 9.088E¢81 Pni - 1.508E+82
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Power denslty (W/eioR)
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Fiqure 217 Power density with abaorber 10 degress hocizoatally off DOseslght .
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ABS: Peak power density relative
to the lens case (dB)
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Power density with absorber versus angle.

Figure 224.
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C-flald t(V/n)

g-fielg (V/a)

DS 01 For fleld Etheta ot R + 3 .800E+88, Theta - 3.008E+81 Pn) - 1.000C+-82

-1 4

Time (sesend)

Figure 229 £-10)0 with £e913t0rs OB DOresight .

DS o8 For fleld Etheta at R = S.800C+08, Theta + 5.700C+81 Ph) -~ 1.800E +82

18

39

-3

-2

[ [ ] 18 12 14 16
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c & t4 iem cam acnra ) deqrees vertically off Doresight
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[

D8 42 For f10ld Etheta ot & « S.OREE+00, Thota - G.968L+81 Mt ~ 1.000C0F
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A

Time lessend)

Figute 226. £-field with gesistors .4 degtess vertically off Doresigh.

DE 04 Far ¢10le Lthwta ot R ~ 3000008, Trgty - S.4000<81 Fni - 3. S8OC62

e
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L Tiae (cssend}

rigura 228. £-field with resistoss 3 2 degeoes wartically off Dosssight
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C=tt1oid t(Vrm)

E-tield (V/0)

D8 03 For fieid [thats ot R - 3. 008C+08. Theta - B.200C+81 Pri - 1.008L 82
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e Tiae tessond)

riguce 229 E£-£1010 with resistors 7.7 degreas verticaliy off bocesight
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Figuce 230. £-f16l0d with resiszors 10 degress vertically "' Docesighe
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Figure 232 EZ-tield with casistors D degrees vertically off boresight
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E~tleld (V/m)

€-field (V7o)

DS 018 Far ¢leld Etheta at R = S.000C+88, Maeta 9.000C+91 Pnl - 1.730€+82

-3

-4

DS 428 Far fleld Ethete ot R =S

Figure 241. Z-field with resistor

[ [ ] 1e 12

Tine (secend)

16

a 7 degrees horizontally oft botesight .

900C+88, Theta - 9.0800€+81 PRl - 1.708E+82

34

-1

[ [ ] 18 12
Time leecond)

16

DS €19 Far fleld Etheta at R = 5.000E+80, Thet.

s * $.000C+81 Pnl - 1.706L+82

E-fleld (V/m)
t ]

-1
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-4

€-3

DS ¢21 Far fleld Etheta at R =S

4 6 [ ] 10
Time (second)
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Figure 242. E-field with resistors 9.4 degrees horazontslly off bo

16

resaght .

S0BL+38, Tretu - 9.008L+01 Pni - 1.688E+82

18

E~field (V/m)
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-24

4 . [ 18
Tins (scasnd)

nae ® s.a1a with resistors 20 deqrees
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norizontally off bores aght .
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DS 022 Far ¢

« Ctheta ot R = 5.000C+88, Thets - 3.000C+81 Fni - 1.308C+02 DS 23 Far fleld Etheta at R - 5.006E+88, Thets - 9.000€481 Phi - 1.408C+82

C~fleld (V/a)
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Figure 245. ‘t—h.ld with resistors 30 degrees horizontally off boresight . Figure 246. E-field with resistors 40 degrees norizontally off boresight.
S 624 Far fleld Ethats at R = 5.800€+88, Thets - 3 680C-81 Fh! - 1.308C+82 —— 25 Far fleld Etheta ot R = 5.000C+80, Thetp - 3.080C¢81 Phi - 1-208C+02
2
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-
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Time (secend) « .

Figure 248, E-faeld with resistors 60 deqrees horatontally off boresight.
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E-fleld (Vre)

C~fleld (V/@)

DS 626 Far fleld -Ethets at R - 5.080€+80, Theta - 9.89088C+01 Pl - 1.1868€+82
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-84
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[ . 4 [ 18 12 1e 16 10
Time (secend)
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riguce 249. E-field with resistors 70 degrees horizontally off boresight

DS 028 Far fleld Ethete ot R = S.000C+88, Theta = 9.008C+81 Rl - 9.900C-01

-1

12 14 16 18

. o QN deqress Barie moette ~ff haresiaht

DS 027 Far fleld Etheta at R = 5. 888C+88, Thete - 9.0000+81 Phl - 1.900C+02

(V/m)

€-field

-9 2 4 6 ] 18 12 14 16 18
Time (eecend)

rigure 250. £-field with resistocs 90 degrees horizontally off poresight

DS 0181 Far fleld Etheta at R = S5.308C+00, Thets = 9.808E+81 Pni - 1.008C+82

13

Power density (W/meel)

2 4 6 [} 18 12z 14 16 18
Tiae (sesond)
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Figure 252. Power denaily with resistors un boresight.
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Power denaity (W/mee2)

DS 0182 For field Etheta at R - S.800E+88, The

te = 8.960€+01 Pnl - 1.600L-82
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Tiae (sscend)
riguce 253. Power dansity with cesistors 0.4 degrees vertically oft boresight .
DS 9184 Far fleld Etheta at R = S.000C+88, Thots - 8.400€+81 Pni - 1.008C82
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DS 0183 Far fleld Ethete at R = S.000E+89, Theta - 0.780C+81 Pni - 1.008€+82
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Tine (secend)

Figure 254. Power density with resistors ) degrees vertically off boresight .

DS 0185 Far field Ethete at R » S.000C+88, Thete - 6.Z30C+81 Pn1 - 1.000E+82
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Tims (eesend)

Figure 256. Power densily with resistors 1.7 degrees vertically off boresight.
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rigure 257. Power density with resistors 10 degrees vertically off boresight.
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Figure 259 Power densily with resistors )0 deqrees vertically off boresight
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Figure 258. Power den3ity wilh resistors 20 degrees vertically off Doresight.
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figure 260 Power densicy with resistors 40 degress vectically eft pDoresight
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Figure 261. Power density with re3istors 50 degreas vertically otf Doresignt
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Figure 263 Power density with resistors 10 cegrees vertically oft Doresight
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Figure 262. Power denaity with resistors 60 degrees vertically oft pocesaght
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rigure 264. Power density with resistors 80 degresa vertically off boresaght .
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Figure 265. Power density with resistors 30 deqrees vertically off boresight
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Fimure 267 Power density with resistors 4 7 degrees horizontally off poresignt
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Figure 266. Power density with resistors 2.) degrees horazontally off bocesight.
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Figure 268. Powec density wilh resistors 7 segress horizontslly oft DOSesLght .
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Tigure 271 Power density with resistors 20 degrees horizontally off Doresight Figure 272. Power density with cesistocs 30 degrees horizontslly off boresight
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figure 27). Power density with resistors 40 degrees norizontelly off boresight Figure 274. Power density with resistors 30 degress horizoatally off Doresight .
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Figuie 275 Power density with resistocs 60 degrees horizontally oft boresight Figure 276. Powar Gensity with fesistors 70 oegsees horisomtally off DOLEBIERL .
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figure 277. Power density with cesistors 80 degrees horizontally off boresight
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Figure 278. Powsr densily with re313t0cs 30 degress porizontally otf poresigec
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Figure 281. Front view of FDTD mesh with plate.
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rigure 282. E-field with plate on boresight.
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Figurw 203. E-field with plate 0.4 degrees vertically off bocresight.
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Figure 205. E-field with plate s 2 degrees vertically off boresight
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Figure 286. E-field with plste 7.7 degrees vertically off boresight
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rigure 207. E-field with plate 10 degrees vertically off boresight

0S 98 Far fleld Ethets ot R S.800C 00, \'N_t.“' 6.808C+91 Pni - 1.000C-82

-2

2 4 . ] 1e 12 14 16 18
Tise (seconds)

Figure 289 €-tield with plate 30 degrees vertically oft boresight
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Figure 290. E-field with plate 40 degrees vertically otf boresight
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Figure 291, E-field with plate 50 degrees vertically off boresight.
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Fiqure 293 E-f:elc with plate 10 cegrees vertically of{ boresignht
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Figure 294. E-f1elG with plate 80 degrees vertically oft boresight figuce 293. E-field with plate 90 degrees vertically oft bocesignt
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Figure 236. E-fiald with plete 2 3 degrees horizontally off boresight
rigure 297 E-field with plate ¢ 7 cegrees horizontsily off Doresight
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Figuce 298. Z-field with plate 7 degraes norizontelly off boresight
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Figure 299. E-field with plete 9.4 degrees horizontally off boresight
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Figure 30! E-field with plate 20 degrees horatontally oft boresight
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rigure 302. E-field with plate 30 degrees horizontally off boresight

DS €24 For (leld Ctnete ot R - 5.908C+88, Tneta - 3.800C 81 Pl - 1.30RCe02

-2

£-9

€-fiwle tv/m)

C-fleid (V/m)

DS 023 Far fielo Etnets ot

R - 5. 098C-00,

Thete + 5.900C+81 Pl - | 408082

-2

-3

-2

8
Time

1e
(seconds)

12 14 16

figure 303. E-field with plate 40 degrees hori:ontally off poresight
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Figure J08. E-field with plate 90 degrees horizontally off poresagnt
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riguce 307. E-field with plate 30 degrees horizontally off poresight.
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Figure 309 Power density with plate on boresight
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rigure )10. Power density with plate 0.4 degrees vertically off boresight .
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Figure 312. Pover density with plete 4.2 degrees vertical.y oft boresight
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Figuce 311. Powsr density with plate ) degrees vertically off boresignt
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Figure 314. Power density with plate 10 degrees vertically off boresight
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Figure 315. Powar Qensity with plate 20 degrees vertically oft boresight
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rigure 318. Power density with plete 50 degrees vertically off boresight
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Figure 319. Power density with plate 60 degrees vertically off boresight
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figure 321 Power density with plate 80 degrees vertically oftf boresight
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Figure 323. Power density with plate 2.) degrees horizontally off boreaight
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Figure 322. Power density with plate 90 degrees vertically off Doresight
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Figuce 326. Power density with plate 9.4 degraes horizontally off boresight. Figuze 327. Power density with plate 10 degrees horisontally off Doresight.
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Figure }30. Power density with plate 40 degrees horizontally off boresight .
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Figure 331. Power density with plate $0 degrees horizontally off boresaght.
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Tigure 334. Power denaity with plate 80 degrees horizonteslly off boresight
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figucre 335. Power density with plate 90 degrees horizontally off boresight.
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Figure 337. Cross-section through FDTD mesh with ferrite.
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€-field (V/a)

E-flele tvrm)

DS 01 Far fleld Etheta ot R = 3. 000C+08, Thate = 3.888(+81 Pn| - 1. 99BE+02

-

-1
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2 4 L[] [ ] 18 12 14 16
Tiee teeconds)

Figure 338. E-field with fecrrite on boresight.

DS 03 For flele Cthels ot R - 3. S0OL+00, Tnete = E.708C+81 Pnl - 1.080C-02

18

-2

2 4 [ L ] 18 12 14 i6
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tvsm)

C-flele

E-fleid (Vra)
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0S €2 For fletd Cinate at R ¢« 3. G90E+00, Thete « B.9%0C+81 Pnl - |.900C+82

2 4 6 [ ] 10 12 14 16 18
Tise (seconds)

Figure 339. E-field with ferrite 0.4 degrees vestically off boresight.

DS 04 Far flele Ethete ot R - 3.000€+80. Thete « B.488€+81 Pni - 1.809€-82

2 4 & [ ] 18 12 14 16 10
Time (seconds)

Figure 4} E-field with ferrite 3 2 degrees vertically off bocesight
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C-1lele tvrm)

E-tield tvsm)

DS 03 far flele Ctrertes ot R+ S GOBCL+08, Thets - B.23C+81 Pni - 1.900€-02
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figuce 342. E-fi1eld with feccite 7 ! degiees vertically off bosesight

DS 87 Far (lele Cinete ot R - 3. 00808, Thets - 7.0000+81 Pni - 1.008C -82

10

2 4 [ [ ] 18 12 14 16
Tise (secends)?

Figuse 344 £-fiela with ferrite 20 deqrees vertically of? poresignt

DS 06 For fleld Cihets al R + 3.889€<80, Tnets - 8.003C-8) Pni - 1. .000C-02
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Figure 343 £-field with territe 10 cegrees vertically off Doresighe

06 o8 For fleld Ethets ot R « 5. 000C+08, Thets - 6.800C+01 A1 - 1.0800C 82
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figure 343 E-f1eld with ferrite 30 degrees vertically off bocesight
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C-tield tv/m)

C-flele t(Vvrm)
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DS 09 Far (leld Cthets st R - 5. 000C-00, Thets - S.000L81 Pni - 1.990(+82

2 4 L] L] 18 12 14 16 18
Time iseconds)?

Figure 346. E-field with ferrite 40 degrees vertically off boresight

DS 011 For flele Cinetes ot B « 5. 008L+88, Trete - 3.000C-05 Pni - 1. 808C-82
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Figure 348 l—tulu’nth fecrite 60 Oegrees vertically off poresight
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DS 0iB Far (leld Ctnote ot B - 3.008€+88. Thets -~ 4.800L+81 Pni - 1.908C-82
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Tigure 347 E-field with fecrrite 50 degrees vertically off boresight.

DS #12 Far flele Ethete at R - S.G80C+89, Thnete * 2.800C+81 Prl - 1.908C-02

- -

s z a P4 . 18 12 14 1s 18
e Time (secends)

- 1

Figure 349. Z-field with ferrite 10 degrees vertically off boresight
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Figure 150 E-field with fercrite B0 degrees vertically oft boresight
DS 016 For flels Cinete ot M =+ 5.880C<80, Trets - 9.888C <01 Pni - 1.777C-82
4
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Nae

19
(seconds)

16 10

Figure 352. E-field with ferrite 2 3 degrees horisontally off boresignt
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Figure 351 E-field with ferrite 90 degrees vertically off boresight.
DS 017 Far fleld Cthets at R « 3. 008E+08, Tnets - 9.808C+81 Pni - 1.733-82
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rigure 353. E-field with territe 4.1 cegress horiaontally off boresight
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Figure 354. £-field with ferrite 7 degrees horizontslly off boresignt
DS 028 For flele Cinete ot R < S.000C+B83, Thets - 9.000C 81 Pni - °.708(-82
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figure 35%¢ E-field with ferrite 10 degrees horiontelly off boresight

L-fleig tV/m)

E-tleld (vrm)

05 €19 For flele Ethete ot R - S.0000+03, Thete * 9.800C81 Pni « 1. 706L+82
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Figuce 335. E-fiald with fercite 9.4 degrees horizontally off bozesight.

DS 021 For fleid Etnets ot R - S.0800(+88, Thete - 9.883C+8] Pni - 1.680( 82
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Figuce 357. £-field with fercite 20 degrees horizongtally off boresight
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C-fleld tvra)

C-tiele tv/a)
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D5 022 For flield Cinete ot R - S..l.t-ll. Thete « 9.0000+81 Pn1 - | S80C~82
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Figure )58. E-fieid with ferrite )0 degraes hocisontally off boresight

DS 024 For (letd Cihate at R - 3.000C-08, Thets - 9.088L 81 Pri - 1. 30682
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360. £-fiwld with fesrite 30 degrees nocirzontelly off boresight

f-fieig (V/e)

C-fletd (V/a)

05 023 For fleld Cihete al R - 5. 000C+88, Tnete - 9.8880+81 Pni - 1.408C-02
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figure 1%9. Z-tield with fercite 40 degrees horizontally off boceaight.

05 023 Far fleie Einete ot R - 5.000L+-88, Trets * 9.800C+8) Pni - 1.200(-82

-2

-9
Time tseconds?

rigure 361. E-field with territe §0 degrees horizontally oft Docesight .
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C-tlnig tvre)
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DS 026 For flele Etnete ot R - S.’“‘“. Thetes « 9.000C 01 Pnt - 1.1880-82
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Figure 362. E-field with ferrite 70 degrees horisontally off boresight.

DS 27 For fleld Cinete ol R - 3. BOBE+08. Thets - 9.088C+81 Pni - | .G08C-82
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Figure 364, E-f1eld with ferrite 90 degrees horizontally oftf boresight

DS 920 For flele Etnete ot R + S . 008E+68, Thets * 3.000C<81 Pni - 9.080C+81

E=tleld (Vra)
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Figure 363. E-field with ferrite 80 degrees horizontally off boresight

DS €191 Far fleid Etheta ot R = 3.000C+88, Thete - 3.908C+81 Pni - 1.888C+82
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rigure 36% Power densily with ferrite on boresight .
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Figure 366. Power density with tecrite 0 4 degrees vertically off boresight
DS ¢1B4 Far flele Cinets ot R - 3. 900 +00, Thets - B.488€+01 Pn) - 1.900( -82
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Power Denuity (W/me2)
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DS 0103 Far floted Ethete ot R - 3. 000000,
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Figure 367 Powver density with fercite 3 degress verctically off boresight.

05 €185 Far flele Lihets ot R - S.800C+80, TRets - 0.230C-8) Pr} - 1.9068€ .82
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Power Donsliy threted)

Power Domglitly (rmsed)

08 0106 For flels Citnete ot R - 3. 990L+08, Thets -~ 0.880C+81 Pn| - 1. 000 -82
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Figure )I0. Power Gensity with fecrrite 10 degrees vertically oft boresight

DS #1080 Far flele Ltrnets ot R 3.000C+00, Trhets + 6.008C+81 Pni - 1. 000C-82
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DS 0187 Fer fleis Cirvte ot R - 3 . S0OL-88. Trets - 7.008C-81 Pni
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Figure )71, Power density with ferrite 20 aegrees vertically off poresight
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D3 0114 Far flele Ctnets at R - 5. 600C+00, Trets - B.000C+08 Pni - |.90OC+82
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Figure 370. Power density with ferrite %0 degrees vertically off boresight

D3 0117 For fleld Cinete ot R - 3.000C+00, Thets ° 9.000C+81 Pnil - 1.733E82
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Figurs 180. Power aﬂmu;')-un fercite 4.1 degrees horizontally off boresight

s

DS 0116 Far fleld Etheta at R © 3.008C+08, Thets = 3.800€+81 Phi = 1.777C+82

e

28

Power Density (Wmss2)
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rigure 379. Power density wilh fecrite 2.3 degrees horaizontally off boresight.

DS 0118 Fer (lels Ethets ot R - S.808C<38, Trete - 9.808C
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e
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Figure 381. Power density with ferrite 7 degrees horitontally off boresight.
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Power Dansily (W/meed)
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rigure 382. Power density with ferrite 9.4 dagrees horiszontally off boresight
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rigure 384. Power densit
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y with ferrite 20 degrees horiiontally off poresight
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DS ¢128 Far fleld Ctheta ot R « 5. 000008, Thets * 9.008C<81 Pni « |.700C+82
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Figure 383. Power density with territe 10 degrees horizontally off boresight .

DS 0122 Fer flels ftheta at R - 3. 800C+88, Thete * 9.008L+81 Pn) - 1.580€-82
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Figure 385. Power density with feccite 30 degrees horiaontally off boresignt.
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rigure 3)86. Powar CGensity with tercite 40 degress horizontally off boresight
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rFigure 387. Power density with farrite S0 degrees hocrizontally ofl boresight
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rigurs )%0. Power density with territe 80 degrees horisontally off boresight
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Figure )91. Power densily with ferrite %0 degrses Roriiontally off boresignt
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FERRITE: Peak power density relative
to the lens case (dB)
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Figure 392. Power density with ferrite versus angle.










