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Abstract

This paper considers a technique for launching fast, high-voltage transients on conical transmission lines
in air as can be used for a pulse-radiating antenna (e.g., 2 TEM horn or a lens IRA). This technique uses
another conical transmission line in a medium of higher dielectric strength and higher permittivity (e.g.,
transformer oil). These two conical transmission lines are joined at the dielectric surface and inclined to
give a Brewster angle matching of the wave for the principal electric-field component. The interface is

also curved to remove astigmatism from this single-surface lens.
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1. Introduction

Ore kind of impulse radiating antenna (IRA) is a lens IRA consisting of a conical transmission
line (TEM horn) with a lens near the horn aperture to focus the wave at infinity {2; 4,6,10, 11]. Whether
or not one includes the final lens there is still the problem of launching a fast high-amplitude TEM wave
on the conical transmission line from some high voltage pulser. Going back from the horn aperture
toward the apex, the spacing of the plates (conductors) decreases until at some position one needs to be
concerned about voltage breakdown. One can increase the dielectric strength by using gases such as 5Fg,
or a medium such as transformer cil. In the latter case, one has a relative dieleciric constant greater than

air, giving a mismatch at the boundary of this medium.

This paper considers an approach to optimizing the launch of the spherical TEM wave on the
conical transmission line in air (or other gas) from another conical transmission line in a dielectric
medium with relative permittivity greater than one. The dielectric boundary between these two is
designed to utilize the Brewster-angle phenomenon, but there are limitations due to more than one
component (polarization) of the electric field in the TEM wave. The TEM waves, being spherical on the
conical fransmission lines, when matched on the dielectric surface also require some curvature of this

surface for optimal matching.



2. Brewster-Angle Interface Between Two Finite-Width Parallel-Plate Waveguides

Our Starting point is the well-known Brewster-angle relationship for an E (or TM) plane wave
(uniform, single polarization) passing with total transmission between two uniform isotropic dielectrics
meeting at a surface Sg. As indicated in fig. 2.1, let us consider such a wave as bounded by two infinitely
wide parallel-plate waveguides which, of course, have different spacings in the two media, and are paral-
lel to the propagation direction and perpendicular to the electric field in each medium. Assume that the
incident wave comes from the left side, giving the transmitted wave to the right (with horizontal propa-
gation for later antenna consideration). The incident side has parameters designated by subscript i, and
the transmitted side has parameters designated by subscript f . Both sides have the same permeability

(taken as 1), Summarizing [3] we have

f
K8

&

cot(yp) = &# = tan(y;p)

sin(y;g) = [& + 1]

cos(yip) = | —= F = sin(y;p)

Wi + Wig = % {or 90°)

&+ 1 2.1)
1
hy = cos(wip)hs = [, + 1|72 kg
L S
B g2
hy 7
For the common case of transformer oil or polyethylene we have [5]
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Fig.2.1. Bend in Parallel-Plate Waveguide with Brewster-Angle Interface Between Two Dielectric Media
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Note that we have assumed in fig. 2.1 that £ > & so that the wave is propagating from some
medium like oil out into air (or SFg, etc.). This is in preparation for the case that the plates are not parallel
and the waves are expanding from left to right as spherical waves on conical plates in the two regions.
The first region (subscript i ), then has much larger electric fields and needs a high dielectric strength
medium such as oil before eventually transitioning through the Brewster interface Sg and eventually

radiating from an antenna.

Now let the plates have finite width. Asin fig. 2.2, this can take the form of a plate of width w
spaced a distance & above a large ground plane (say of widthw + 24 withd = k ) for which the charac-
teristic impedance (for the TEM mode) is approximately that of an infinitely wide ground plane. The

characteristic impedance is written (for a free-space medium as on the transmitted side) as

Zg = fgi Z,
2 23)
Z, = [EP—J = U,c = 376.73Q (wave impedance of free space)
&
From [1] we have the two cases for comparison
1 %:1, i_t:m, for = 0336, Zy =127 Q
t dt (24)
Wi ¢
2. —=1, ==1, = 0364 , Zy =137 Q
P By fgt ct

which gives about an 8% increase for the finite-width ground plane. Note in fig. 2.2, that while our calcu-
lations are for a finite-width plate over a wide ground plane, as appropriate for the asymmetrical TEM
horn in [6], they can also apply to a symmetrical case by considering the image at a distance # on the

opposite side of the ground plane.

For continuity of the top plate through the Brewster interface Sg one can set the two widths there

as the same, i.e,,
w; = W (2.5)
This is not a necessary constraint, but it does reduce-the discontinuity in the top plate, thereby reducing

the electrical-breakdown problem for large electric fields (high voltage and high power) in the incident

TEM wave. One consequence of this is the discontinuity in the characteristic impedance since
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Fig. 2.2. Cross Section of Two-Parallel-Plate TEM Waveguide with at Least One Plate of Finite Width
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h-[ = 8;2 ht = 1503 ht 2.6)

implying for our example

—_= £ ——-,Z~=$ fz
r ht c1 r g 0 (27)
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which is about a 21% decrease in the characteristic impedance and which represents about a 0.1 reflection
and a 1.1 transmission coefficient (voltage). If the plates were all infinitely wide the match would be
exact. The characteristic-impedance discontinuity is associated with the fact that the Brewster-angle
matching is associated only with the “vertical” electric field (perpendicular to the plates), and there are
significant “horizontal” electric fields (parallel to the plates) which do not perfectly match through the
Brewster interface. Note that a larger wy/#; (giving larger w; /h;) implies a closer match in the

characteristic impedances.



3. Antenna Aperture at Truncation of Second Parallel-Plate Waveguide

Consider now that the second parallel-plate waveguide (transmitted-wave section) continues to
some aperture plane S; where the waveguide is truncated, this aperture plane being perpendicular to the
direction of propagation (and thereby to the waveguide conductors as well). Then the diagram in fig. 2.2
applies to the aperture plane, and a subscript a can be used to designafe parameters at the aperture plane.

For the moment, with w; = w; and h,; = k, the early-time (or high-frequency) fields arrive at
Sa following optical principles and thereby arrive all at the same time (or same phase) due to the plane-
wave character of the fields. Note that this applies only over the portion of S, illuminated in this sense
by the fields from Sﬁ, depending on how far the dielectric medium (illuminated side) extends beyond the
top and sides of the top plate. Within this restriction we have the radiated far field on boresight is [2, 10]
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¢

Y
E g(_r)s .t) = tangential part of electric field on S,

So a fast-rising field (simultaneously on S;) modeled as a step function produces a narrow impulse

(approximate delia function) on boresight in the far field.

Now consider the integral in (3.1) and note the vertical symmetry plane in fig. 2.2. The fields are
symmetric [12} with respect to this plane. The horizontal components of the electric field then contribute
zer0 to this integral. The reflection of the horizontal components at the Brewster interface Sg then does
not affect this integral (in the optical approximation, i.e., at early retarded time). The vertical compo-
nents, being perfectly transmitted through Spg (early-time sense), are what contributes to the integral.
Thus, for the early-time impulsive part of the far field, the transmission of the incident TEM wave

through Sg can be regarded as though it were perfect.



4, Replacement of Parallel-Plate Waveguides by Flat-Plate Conical Waveguides

The next step is to change the parallel-plate waveguides (finite top-plate width) into flat-plate
conical waveguides as indicated in fig. 4.1 and discussed in [6]. For small inclination angles between the
top plates and the two parts of the bent wide ground plane, the spherical TEM modes on the two conical
transmission lines can be approximated by the TEM plane waves previously discussed. For wavelengths
on the incident side of Sg large compared to w; and #; , a flat interface surface Sg will not be significant in
that it does not perfectly match the spherical wavelengths on the two sides of the boundary; this is the

transmission-line approximation.

For a better match for high frequencies or early time on the wavefront one can curve Sg so as to
make the wave emerging from Sp appear to be a spherical wave with a virtual focus at the virtual apex of
the conical transmission line (TEM horn) to the right of Sp in fig. 4.1. The virtual apex is to the left of Sp.
If we have some central transmitted ray of interest (taken as horizontal in fig. 4.1), it is this continuation to

the left of Sp as a virtual ray on which the virtual apex lies.

One can calculate the path of every ray passing from the source on the incident side to the trans-
mitted side and force all of these to extrapolate to the left to a common point (the virtual focus or apex),
and thereby determine the detailed shape of Sg. Some of this has been done in [7]. For present purposes,
let us consider an approximate solution for Sg as a curved surface by considering the rays near the central

ray.

Keep the E plane as a symmetry plane (fig. 2.2) for Sg. Then this E plane contains the central ray
on both sides of Sp and the virtual ray to the left of Sg in fig. 4.1. Note that the E plane intersects Sg per-
pendicularly and contains the normal to Sp at the intersection with the central ray. Take another plane
which we can call the H plane (referenced to Sg) which is perpendicular to the E plane and also contains
this same surface normal. Locally the H plane is also perpendicular to 5g.

In optics such a single refracting surface is referred to (in general) as astigmatic (from “a” meaning
non and “stigma” meaning mark or focal point in this context). Considering a doubly curved surface in
fig. 4.2, we have the relation of the angles for the central ray (with respect to the normal to some general
surface S) as

1 o .
e? sin(y;) = sin(y;) @1
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This is later applied to the case of the Brewster angle.

As in fig. 4.2A, the side view of the E plane shows S curved with a local radius of curvature 7,

(centered to the left of S on the surface normal). In optics this E plane is also referred to as the fangential
or meridional plane. The corresponding E plane focus (for E-plane rays) is a distance £, to the left of S on

the continuation of the transmitted ray giving a virtual focus). These are related by {8, 9]

1
. 1
3 cos”(yi) _ cos®(yi) _ 2 coslyi)-cos(vi) Ny 42)
r 10 ‘ee re

where £y is the distance of the source from S (along the incident ray).

Figure 4.2B shows a top view, normal to the H plane and giving the intersection of S with the H
plane with radius of curvature rj. Illustrated as a negative ry, the center of curvature lies to the right of S.
The surface normatl lies in this plane but the rays of concern do not. In optics, this H plane is also referred

to as the sagitfal plane. The corresponding H-plane focus (for rays meeting the H plane at S) is a distance
£ to the left of S (virtual focus as before). These are related by [8, 9]

1 1
g2 1 &7 cos{y;)—cos(y;) , 43

£, Ly ™h

In general, 4 and #; are different and 4 - 4, is called the astigmatic difference. For a given y;

(and hence y4), r, and r; can be adjusted to minimize this difference. Note thatif Sis flat (r, =73 = o}

this difference is zero for finite, non-zero 4, onlyif y; = y; = 0,i.e, normal incidence. For non-normal

incidence S needs to be carved to remove the astigmatism (i.e., to make a stigmatic lens).

Specializing the results to the Brewster-angle case, let S be Sg which is now, in general, curved

but with the central ray described by (2.1). Then the E-plane focus is given by

3 1
_gr?-_ 1 e, +1]2 [&, - 1]
o L, Te (4.4)
3 1
fe o {e2 — e, + 12 [ —1]3—"}_1 =
ZO e

and the H-plane focus is given by
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For flat Sg, these reduce to

S |

e g 2 Zhoog 2 4,
. & % & 4.6)

Lo - 340, Lo = 1503
Le i 4.7
Lo _ 0204 | oo o065

£y £y

So, for flat Sp, the length of the incident conical transmission line is considerably larger than that of the
image portion of the transmitted conical transmission line. Said another way, flat Sg implies a signifi-
cantly larger angle of divergence-for the transmitted conical fransmission line as compared to the incident
conical transmission line. Furthermore, for £, # e, the lens is astigmatic so that a unique apex for the
transmitted conical transmission line cannot be defined. One may choose some length between 4, and 4
for the conical apex as a compromise for constructing the transmitted conical transmission line, and

accept the degraded performance implied by the astigmatism.

Another special case of interest is for a singly curved Sg (cylindrical surface). For this we need to

set 7 or re (but not both) equal to infinity. The remaining curvature can then be computed to make
4y = 4 . Choosing Sg to be flat in the H plane we have

1 :
mzw,_&:&z (4.8)
2
Equating the two foci then gives from (4.4) =
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—= = |———| = seclyjp} = CsC\¥iB
£ [ & (viz) (wig) (4.9)
. 1
2 = £ =g + 1]2 = esc{yip) = sec(y:p)
2 h
For transformer oil and/or polyethylene on the incident side we then have
.€1=£€=O.665,£Q=£2:1503
L 4, & £ (4.10)
T o120 , 2 =T - 0665
£ fe  Ln

All these ratios are conveniently within a factor of two from unity. This case is roughly illustrated in fig.
42A.

An alternate choice for a singly curved Sg is to choose

o= , Eog ' @11

Equating the two foci then gives

1

1
o=~ e e + 12 = - sinfysp)tanlyig) = - cos{ys) cot(wis)
o (4.12)
1
Ei = %; =~ &g + 12 = ~ cos{yip) cot{wip) = — sin(y:p) tan(y:p)
e

Note the minus sign implying 2 negative 7, which is interpreted as a center of curvature to the right of

Sp (transmitted side). For transformer oil and/or polyethylene on the incident side we then have

<= =5 =024 , = = 3.40

0 0 e h (4.13)
oo _p3¢s , =T~ _125

¢ e Ly

—

The choice of 7, = e, then resulis in a larger deviation of 4, from {¢ = 4, than the previous choice of

rp =ea. This case is roughly illustrated in fig. 4.2B.
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5. Concluding Remarks

The matching of the spherical TEM waves at the Brewster interface Sp is then not perfect. There
is some mismatch due to the portion of the electric field with polarization not suited for the Brewster
angle. Of course, this interface Sg introduces a bend at the connection of the two conical transmission
lines. As we have seen Sg needs to be curved to give the wave leaving from Sg a unique virtual focus
which can be taken as the apex of the output conical transmission line. However, it is possible to make Sg
singly curved and still achieve this unique virtual focus. Note that in this paper we have assumed that
the angles of divergence of the conical transmission lines are sufficiently small that the usual lens formu-

las involving a central ray apply to a good approximation over the entire lens surface.

This Brewster matching is, of course, only part of the design considerations for a fast, high-volt-
age TEM horn. There is the lens to be-added near the hom aperture to focus the fields at infinity.
Furthermore, as discussed in [6], there is the resistive termination for the low-frequency load to be seen
by the high voltage pulser, and for the optimization of the low-frequency radiation by optimal combina-
tion of electric and magnetic dipole moments. There is still the design of the pulser and its matching to
the conical transmission line on the incident side of Sg to consider. There are issues of impedance match-
ing from the pulser and associated impedance transformation (e.g., a transmission-line transformer) to

consider, but these are beyond the scope of this paper.
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