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Abstract

A technique for generation of high-power microwaves consiss of taking a low-power CW source and
shortenmg it into a high-power pulse. One way to do this is to build up a resonance in some kind of cavity and then
switch this into a load. Here we exhibit sections of coaxial TEM transmission }mes with sw1tches for this purpose.

An alternate approach known as binary pulse compression is also discussed.

“This work was sponsored in part by the Air Force Office of Séienﬁﬁc Research, and in part by the Air Force
Research Laboratory, Directed Energy Directorate. ,
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In generatmg pulses of sinusoidal electromagnehc waves one may use high-power microwave tubes for
hypoband (narrow band ~1% or s0). For shorter pulses, such as from the switched oscillator [1, 3, 4], one has a
mesoband source [2, 10] (medium band ratio). This is to be distinguished from hyperband (impulsive) sources with

band ratios over a decade.

The basic switched oscillator {4] consists of a section of low-characterisﬁc-impédance transmission which
is charged to high voltage and then shorted to the outer conductor through a closing switch at the end opposite the
antenna load. This gives the basic frequency with quarter wavelength given by the length of the oscillator. This
decays like a damped sinusoid as energy is fed to the load. There are various approaches to increasing the output
[1, 3]. This is limited by the inductance of the switch to frequencies in the range of hundreds of MHz if one wishes
very high powers [7]. One can also increase the power by use of transmission-line transformers, at the expense of
shortsning the pulse [3, 6]. | |

For high-power mesoband sources one would like to have some alternate kinds of sources which could
achieve higher poweré, and perhaps higher freqnencies. This paper explores some possibilities based on building up

- resonances from lower power hypoband sources, sometimes called pulse compression.

This concept has been applied to the desiga of particle accelerators [8-12, 16, 17]. It bas been suggested as
a way to generate ultra-wideband pulses [19]. Pulse compression, as it has been termed, has been achieved in two
general ways which might be called resonance buildup and binary pulse compression. '
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2. Simple Transmission-Line Oscillator Switched Out at One End

Applying the resonance-buildup concept, consider the scheme in Fig. 2.1, which may be appropriate in the
umdreds of MHz regime. In this concept the transmission-line oscillator is an odd number of wavelengths in the

 length, £ appropriate to boundary conditions of short circuit at onc end and open circuit at the other end. The oscil-

lator is excited by a low-power oscillator (or amplifier) at the resonance frequency

f_l_y_2n+1
0 % 1 4

v = propagation speed in transmission line, depending on dielectric constant {or ¢ in air) (2.1)

The power is introduced at an appropriate location for buildup with f maintained closely tuned to the coaxial cav-
ity resonance (with closeness depending on the cavity (7). The achievable power multiplication is proportional to
the cavity Q. ' o

As the energy in the cavity builds up the output swiich will eventually be overvolted and self break. The.
RF energy will then exit to the load. If the characteristic impedance Z of the oscillator is matched to the load, and

if the switch impedance after closure can be neglected, the resulting RF pulse will have length

@2
o= L oAt onsit time of oscillator )
v

' One sees this by considering the fields as a superposition of lefi-going and right-going waves. This gives a number

N of RF cycles

v _ 2n+1

N = foT = %T 5 2.3)

This assumes that the switch closure time is short compared fo a half period of the oscillation. Otherwisc the start
and stop of the output pulse will be smoothed (streiched out).

One of the limitations on oscillator O is power (real, not reactive) that leaks past the switch (toward the
load). This is associated with the swiich capacitance which should be minimized. This can be accomplished in part
by shunting some of this capacitance to local ground (outer conductor) with an iris as indicated in Fig. 2.2. One can
also partly overcome this by increasing the cavity length, £ thereby increasing the stored energy and the Q. Note
that the switch capacitance also affects the electrical tength of the oscillator.
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Fig 2.1. Resonance-Buildup Transmission-Line Oscillator Switched Out at One End.
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'Fig. 2.2. Reduction of Switch Capacitance to Output Transmission Line.



There are various considerations for the design of the transmission-line conductors. For high Q one should

minimize losses. Consider the case of a circular coax. We then have

1 v Z v
Ze = 57y En[?zj = —%izn(—q%)
i 1 2ne, 1

]1/2 = wave impedance of free space

Zy = [m!2
' g, =relative dielectric constant of dielectric medium

_n for air
~ 12.25 for transformer oil or polyethylene

¥, = inside diameter of outer conductor

¥, = outside diameter of inner conductor

¢ =¥y /'y
Zy .
Z, = — = = wave impedance
G2

2.4

Losses occur by the skin effect. Neglect the small inductive part (compared to the inductance per umit lengih,

L', of the coax). The resistance per unit length has the general form

. .
272% 27¥y

The propagation constant of the coax is
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C' = capacitance per unit length

The propagation takes the form (for propagaﬁon in the +z direction)

eV = 107 g 2oy

To minimize the attenuation we need to minimize (for fixed outer radius (size))

(2.5)

(2.6)

@mn

’,""*\

3,



A, Ra(M) L R g gyl .
[‘1’1 " ‘I’z]ﬂn (‘PIJ Zo'¥> [£ R + R~ (¢) @9

If we neglect Ry compared to R) due to the larger outer radius, we then need o minimize ,;-’En'l (&) . This ocours

at
52
g==2=¢=2T718 - | 29
1
for which
Z, = %En(e) = 1205712 |
“r (2.10)
_ |120Q for air
80 Q2 for oil or polyethylens

If we do not neglect R;, the situation is more complicated. The case of Ry = Ry has been treated [14]

giving an optimization condition of

. & =36
{77:: for air ' : - 2.11)
Zo=

51Q for oil or polyethylene

In some cases silver is used to coat the center conductor to further reduce the attenuation. Placing appropriate rela-
tive values on Ry and R, can give other optima.

A different optimization condition concerns electrical breakdown. For a given 'y and breakdown electric
field Ey (on the center conductor) one would like to have the maximum power from the oscillator. For the coaxial
geometry we have |

E = E % (electric field)

¥, £ ¥ < ¥y (cylindrical radius)



V=~ jEd‘i’ = —ky ‘I’lfn(‘—:-%] {maximum voltage)
‘Pl ' ! .
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P =— (power) (2].2)
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= Z[Enf ()
Maximizing & 24n{£) we have

f=-2=¢/2 =165 ' (2.13)
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i

60 Q2 for air
40 Q) for oil or polyethylene

We can observe from (2.10), (2.11), and (2.14) that these impedances are in the range that we would like
for feeding antennas. For the switched oscillator one would like a few ohms for Z.. Here we have Z, of the order
of 50 to 100 ohms. This has a significant impact on the switch. For a given switch inductance L the time constant
~ L1 Z_ for the switched oscillator versus L/[2Z,} for the present concept is a reduction -of over an order of magni-
tude. This may allow us to go to higher voltages (implying larger L) or to higher frequencies. Remember now that
pulse width is gained by increased oscillétor length, £. o ' o
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3 Use of Symmetry Plane
Symmetry plays an important role in the design of electromagnetic devices [18]. The point symmetry
groups (rotation and reflection) are commonly encountered. Symmetry planes (reflection) are often used for micro-

wave devices, for example, in magic tees.

, For present purposes consider a symmetry plane, say z = 0 in Cartesian (x, y, z) coordinates. This gives a
reflection dyadic '

z 3.1

to characterize the symmetry. In this case the electromagnetic fields can be divided into two parts, synumetric (sy)
and antisymmetric (as), which are characterized by

- < -
Egy(Fmf) = £R; « Esy(F,0)
as as
- <> wdp
Hsy(Fm.t) = TRz » Hey(7,8) (6.2)
as as .
- < -
rm = R « ¥ = miror coordinate

These two parts do not couple to each other and it is quite possible to excite either one of thesc alone.

In the more general microwave context one can have a resonant cavity with a symmetry plane as in Fig.
3.1. One can also have waveguide ports for coupling to the cavity. For standard rectangular waveguides with only
one propagating mode (the lowest mode), these can also be coupled to the cavity at locations and orientations which
possess the same symmetry plane. In the example one waveguide couples to only symmetric modes while the other
couples only to antisymmetric modes. There are higher order evanescent modes in the waveguides, but these trans-
port no real power. If one sends power in throngh one guide to build up a cavity resonance (with the same symme-

try as the waveguide mode), mo power exists through the second waveguide. If now ome destroys the cavity

symmetry (say by switching some nonlinear element appropriately located in the cavity) then the modal structure is

changed and power exits via the second guide to a load. Note that the exciting port need not have this symmetry

since the resonant mode that one is exciting (by tuning to the resonant frequency) need only have this symmetry.

Applying this concept to the transmission-line oscillator, consider the configurations in Fig. 3.2. In this

~case the symmetry plane dividing the transmission line in its center is also a symmetry plane for the transmission

line (such as a coax) to the load. As in Section 2 the power is fed in at one or more positions along the transmission
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line. A special case would have a single position for a coupling loop on the symmetry plane (a voltage null during
feed in of power) to give the required antisymmetric resonant mode. With the output transmission line designed to
propagate only the TEM mode, no power is fed to the load during resonant charging.

In one configuration (A, shorts at both ends) one can place a shorting switch (center to outer conductor) at
about Ay /4 from one end. On closing, a wave with reversed phase is sent toward the center. At the center we no
longei have a voltage nuil, but a voltage maximum. To quickly feed the power from the oscillator one might choose
the characteristic impedance as about Z,, /2 to account for. the two halves of the oscillator feeding out in parallel.

In the other confignration (B, open at both ends) the situation is similar, except that now each haif of the

- oscillator needs to be an odd number of quarter wavelengths. In this case the shorting switch connects at one end to

achieve the phase reversal. In both of these configurations the power can be switched to the load in one transit time
t, = £/v of the full oscillator length.

One potential advaniage of these configurations concerns the location of the switch. In Section 2 the cutput
wave passes through the switch and it does not have zero impedance after closure. In the present configurations
there is no switch in series with the output. While a practical switch has inductance after closure, this can be com-
pensated by adjustment of its position. Note that it also has capacitance before closure which needs to be tuned out

by adjustment of the fransmission-line parameters.

In order not to introduce higher-order (non TEM) propagating moles in the oscillator or output transmis-
sion line, the outer coaxial radius ¥y should not be too large. While one can compute the cutoff wavelengths for

such modes from Bessel-function formulae, the Iowest order of these has a cutoff wavelength

de = (¥ + ¥2) _ 63
i.e., ronghly the average circumference- [151. Thus we require |

e < A ' : (3.4)

by some factor greater than one. This limits the outer radius and thereby the energy per unit length that can be
stored (given some maximum field F in (2.11)). Lower frequencies are then favored by this kind of oscillator.
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4, Binary Pulse Compression

Now consider a very different kind of pulse compression. The reader can consult [9] for a more complete
discussion.

In simplified terms what one has is two phase-locked equal-power signals, each of length 7. One of these
has its phase reversed half way through the pulse (time 772). These are then fed into two ports of a 4-port 3db
directional coupler. Then the signals are combined in phase for 0 < ¢, 7/2 out of one port and out of phase for 7/2 <
t < T out of the other output port. Delaying the first signal by a delay line of length T/2 the two waves are combined
in phase to give twwe the power in half the time.

Such a single-stage device can be extended to Af stages giving 2M times the power in a pulse of width M7
This is done by a “coding” of the phase reversals to achieve the power doubling at successive stages.

To achieve the fast phase reversals Klystron amplifiers have been used to take their inputs from low-power

waveform synthesizers. For our applications we may need to revisit this question so as to design appropriate

Sources.

13



5. Concluding Remarks

Here we have begun the exproration of a new kind of source for our high-power-microwave applications.
Potentially it can complement or even extend the capability represcnied by the switched osciltator.

T would like the thank J. Benford and J. Swegle for discussions and assistance in finding some of the

references.
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