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I. Introduction

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.

I1.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

" symmet.ryinvokedand 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, possible 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

=,_',_,, _ .,'it ,._l_r ° ,"_._' _ _ ._ r_/_'_.'_ " ' _'_; 4",,-, _. _/_

-1-
b



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 5ram 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.

I

' III. Simple Antenna

Once the solid model was built and meshed, the first calculations
involved only the antenna itself, with no surrounding structures. Some
results from experiments were available for the basic case and for the

c 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,

e 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

l 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

i, 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 pulse. 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 a_ an appendix. Plots for all
configurations are made with identical scales amplitude and time, so
that comparisons 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).

{J
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 off

• 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

I 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).
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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.

I

Figure 59 shows the E-field time history on boresight with the lens in
c 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 freqt!encies.

$ The reduction in amplitude off boresight continues in the vertical cut .
through 90 degrees, where the peak-to-peak value is approximately
5% of 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 termsof powerdensity,the maximumvalue on boresightis about
3.3E-08 w/m2, (3.3E-09 mw/cm2). The fall-offas one movesoff
boresightis very apparentinthe powerdensityplots,figures86
through 112, and a plot of peak power densityver.susangle, figure
112 B, showshow narrowthe beamwidthiswiththe additionof the

. lens.
t ,

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

c longenoughsuchthat reflectionsfromthe closedend did notinterfere
withthe main bodyof the pulse. The antennawas notelectrically
connectedto the can for thisset of calculations.A cut throughthe
centerlineis shownin figure113.

, c The most apparent effect of adding the can is the continuedlate time
ringing. Ratherthanthe pulsedyingout after 2-3 ns., it continues
ringingbeyond12 ns.withthe can, and did not dieout completely
duringthe computedtime record. A reflectionfromthe closedend of
the can may be identifiedabout6 ns.after the mainpulse,with the
other ringingresultingfromthe exitationof modeswithinthe can.

Comparingthe field historyoh boresightwiththe antenna/lenscase,
there is abouta 12.5% reductioninpeak-to-peakamplitude. This is
almostentirelydue to a reductionin the initialnegative-goingpulse, as
the majorpositivepeak is onlyslightlydiminished. Since this occurs
so early intime, it mustbe causedby diffractionfromthe open end of
the can. This suggeststhat the distancefrom the antennato the open
end of the can couldbe an importantdesignconsideration.

The can also induces changes in the initial ring-downphase, the first
. nanosecondafter 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 littleenergy remainsat 90 degrees off boresightin
eithercase, ho_,vever.

r_ Plotsof the fieldsare shownin figures114 to 140. Power densities
versustimeare shownin figures141 to 167, and powerdensity
versusangle in figure 168.

t
J

_" Vl. Addition of Absorber

The next case was the addition of a 2 inch thick layer of Iossy 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

r. thick at I GHz. The values obtainedfor the relative dielectricconstant

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

c. 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 densitiesversus 'ime are plotted in figures 197 to
223, and powerdensityversusangle in figure224.

VIII. Addition of Resistors

For this configurationresistive material was added to connect the end
f, of the antenna to the surroundingcylinder. 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.

IL 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



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

.o 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 ,_regiven in figures 225

_ through 251, power densities versus time in figures 252 to 278, and
peak power density versus angle in figure 279.

IX. 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
t_ cylinder just ahead of the antenna. A dispersive magnetic material

algorithm was added to TSAR to model the ferrite. The algorithm



used was the dual of the dispersive electric material model, which was
based on the work of Kallman and Hawkins1. A two-pole model was
used, with values from a ferrite simulation given in DeFord, etal2.r_

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 thetsize 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

c 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
overall behavior in the late time is improved by the addition of the
ferrite.

t_ As the test position is moved off boresight, the reduction in the initial
positive and negative pulses is less. The reduction in late time
ringing, particularly 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

i_ ringing and less difference in the main part of the pulse.
,,t

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.

il 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.



The power density plotsseem to bear thisout. Definite reductionsare
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 an.cjle,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_infigures 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 forr,I 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
values should be considered as part of the overall antenna system
design.

• 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,



even in the late time, are mainlyon or near boresight,perhapsthe
absorbercouldbe eliminatedentirely,reducingconcernfor
overheatingwhen highpoweris encountered.

"b

Addingresistorsto the frontof the conedid notseem to accomplish
muchin the simulations.However,sincea harddrivewas usedto
excitethe problem,(E-field nodes were assignedvalues),one would
notsee the change in inputimpedanceth_.tmightresultin a real
system. Unless a very goodmodelis developedfor the feed regionof
an antenna,the questionof whetheror notto includeresistorsmight
be best answeredexperimentally.

The additionof _ plate overthe antenna and can also did notproduce
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 destrL,:tive 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 decisionas 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

-10-
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fromthe mainpeak, indicatingcross-polarizationeffectsare nota
concern. The generalconclusionisthat thisantennasystemwouldbe
a goodone for keepingthe energy where it is desired.

- *Workwas performedunderthe auspicesof the U.S.Departmentof Energyby
LawrenceLivermoreNationalLaboratoryunderContractW-7405-Eng-48.
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• Figure l. Cut along centerline of complete FDTD model.
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NO LENS: Peak power density relative
to the lens case (dB)
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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 _ister.
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Figure 224. Power density with absorber versus &ngle.
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Figure 280. Cross-sectlon of FDTD mesh with plate. • •
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Figure 337. Cross-sectlon through FDTD mesh wlth ferrite.
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FERRITE: Peak power density relative
to the lens case (dB)
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Figure 592. Power density with ferrite versus angle.
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