ith 500 MW of power, is the target in the far field of
What is the power density on the target? If you need
of the power on target, what could you do? Discuss
of your approach.

of the effect but for the above case, ~2 cm of lead Wﬂl stop g
other scattered radiation.

In addition to the primary radiation hazards of microwave
most HPM research facilities have other safely issues that must
(1) high voltage in the pulsed power system; (2) use of insg
hexafluoride (SF;) gas, to be used and vented in a controlle
(3) hazardous materials, most especially oil for insulation, th
issue of oil fires and oil containment in berms.

Conference. There is also a series of books on special topics
>ai, Vitkovitsky, DiCapua, Guenther, and Altgilbers.?-356
ine on beams is Humphries,'® and the best on antennas
survey of plasma diagnostics is by Hutchinson.#

Problems

1. The highest energy or power transfer efficiency betws
power elements such as pulse lines occurs when th
matched in impedance. Mismatching upward, to higher im
gives higher voltage but lower current. If that line in
beam-generating Child-Langmuir diode (I ~ V32, Z ~ V&
microwave power be greater than in the matched case?

2. Some types of vircators begin radiating microwaves whi
tron beam starts to pinch in the diode, launching electr
verging trajectories beyond the anode. This increases:
and forms the virtual cathode. This is when the Child
current equals the pinch current. For operation at 0.
diode aspect ratio r./d is required for starting microw;
is the diode impedance?

3. An X-band antenna has a beam width of 18°. If its efﬁc
what is its gain?

4. To produce 1 kW/cm? at a range of 1 km, what effectl
power (ERP) is required? If the source has 10 GW of
what gain antenna is needed? If the antenna efficienc
the diameter is 10 m, what is the highest power you
without air breakdown? If it is raining heavily at 16
attenuation will the beam experience if the frequency

5. What power density can be produced at a 100-m range fi
horn operating at 1 GHz? Estimate what power can b
sea level if the only limit is atmospheric breakdown. .

6. If you have a source that chirps upward in frequency,
20% during the pulse, which of the frequency diagnosti
discussed here (bandpass filters, dispersive hne, h
time-frequency analysis) would you use?

7. The Orion test facility has an effective antenna dlamete
the target is 100 m away and is 10 m wide, and you
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deband Systems

ideband Defined

UWB) high power microwave (HPM) sources are quite dif-
narrowband sources described in Chapters 7 to 10. The
w out of studies of the electromagnetic pulse (EMP) generated
nuclear explosions in the 1960s. Technology developments
scades led to the first UWB pulsers capable of transmitting
igfléls through a variety of efficient antennas. This chapter
e field. Good references are the book by Giri! and review
et al.2 and Prather?

shies UWB? Its spectral density, the power emitted into any
/ iiterval, is very low. Figure 6.1 shows typical spectral
tric fields, or E-fields, over a wide range of frequency.
domain plot, as distinct from the better-known time-domain
'rhplitude vs. time.) It gives perspective on the relation
egions of HPM: the lower-frequency continuous spectra from
g and high-altitude electromagnetic pulse (HEMP) together
y narrowband HPM, including wideband spectra, the
band.

antennas are of interest for a variety of potential appli-
rom jammers to detection of buried objects and space
dar systems to industrial and law enforcement applica-
nergy weapon, UWB offers the prospect of making high
ble across a wide range of frequencies to take advantage
sms and internal electronic vulnerabilities at frequenc1es
a-priori. The disadvantage of this approach is that in
__:over a wide band of frequencies, the amount of energy
to a system is reduced by the ratio of the coupling band-
the UWB system bandwidth, or a sum of such ratios if
ands are available over the full UWB system bandwidth,
.and civilian systems (e.g., nuclear power plants, com-
s) are suspected of being vulnerable to the effects of
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ically quite narrow.

different technologies.

TABLE 6.1
HPM Band Regions

i
!
H
—1 MHz 10 MHz

“narrowband extenting from —1.5 to 3 GHz,
*not necessary HPEM

“significant spectral components up to —20 MHz de

Spectral domains of electromagnetic pulse types.
IEEE Trans. Electromag. Compat., 46, 2, 2004, Figure 1, By permission of IEEE))

UWB, which would most likely mean interruption and jammjhg
destruction, because the total '

frequency range, while the coupling and vulnerability bandwid

The types of microwave pulses termed UWB are very differ
rowband microwaves in both the frequency spectrum and the
used to generate them. In fact, the UWB terminology has beco;
is being superceded by the more specific terms in Table 6
the classification of pulses based on bandwidth.4 Why are the
between the subbands of UWB important? Because they diffe
their coupling into electronics, their effects on electronics, and

Bandwidth by definition is the half width of
the low- and high-frequency limits are half-power points (3 dB

T
=300 MHz
Frequency (Hz)

Bipolar pulse Unipolar spike

pending :

of pulses. As the number of cycles increases, the bandwidth decreases.
nped sinusoid; {c} bipolar pulse; (d) unipolar spike (which does net

{Reprinted from Giri, DV, a5

nore general definition is the frequency range that
tion'of the pulse energy, for example, 90%.) If the fre-
ated by f, the widely used definitions for bandwidth are
; [/f, sometimes expressed as percentage bandwidth,
dth ratio, 1 + Af/f (see Problem 1).

everal types of pulses from narrowband to a simple
row band is a long series of cycles, giving a relatively
th usually defined as Af/f~1%. The next most similar wave-
d sihusoid, a finite number of cycles. The most common
ar, and the ultimate is a single unipolar spike. The fre-
he ges accordingly (Figure 6.3). As the number of cycles
dwidth increases. The spectrum changes from narrow,
any cycles available to determine the {-requemlzy, to branl
(Mathematically, time and frequency are conjugate vari-
in cither time or frequency, the broader you are in the
The number of cycles, the bandwidth, BW, and the Q of

system energy is spread over syt

power in fi‘éq

that produces the pulse (see Chapter 4) are related by

Percent Bandwidth 3 _ 61
Bandwidth, Ratio, N = 1/percentage BW = Q (6.1)
Bands 100 Af/f 1+ AR/f | " " . ful (see
1gle ses ese quantities are not usefu

Narrowband <1% 1.01 Orion (Fi mglg cycle pulses, q :

Ultrawideband Moderate band 1-100% 1.01-3 MATRIX (Fj; - .
(mesoband) = se, going from narrowband to UWB means a transition from
Ultramoderate band ~ 100-163% 3-10 H-Series (F es to devices in which fast switches direct the pulsed
(subliyperband) Iy to an antenna. The wideband spectrum requires a

Hyperband 163-200% >10 Jolt {Figure




awideband Switching Technologies

t I
\ UWB technology is extremely fast switching and nondisper-
\ -1 antennas. The pulsed power section of a UWB device is a
AL ical pulse compression stages, generating shorter pulses at
¢ ® ywer as the signal proceeds through the system toward the
ctiteria for the switching element are ultrafast closing capabil-
’ = ” y fast rising waveforms, and rapid voltage recovery, so t‘r_lat
rates are achievable? The principal switching technologies

¢ ® .

FIGURE 6.3
Time and frequency descriptions of short unipolar pulses. As pulses narrow, the
bandwidth, o

sure gas or liquid spark gap switches, typically triggered
pulses
0 _détive semiconductor switches, which are triggered by
This is quite difficult to do because antenna gain normally depends S
upon frequericy. The approach now used is to have pulsed powe
a fast rising step in voltage. This is connected to a differentiating
(one that produces the time derivative of the incoming pulse), which.
the voltage step into an electric field spike in the radiation field. Th
of choice in the UWB community is the Impulse Radiating Anter
For narrowband microwave sources, the requirement fora
involving a beam of monoenergetic electrons is that the pulsed:
generate a relatively long flat-top voltage pulse. Since the source
band, the antenna can be optimized for the operating frequenc
But for UWB, pulsed power must generate a short voltag,
antenna aperture area is typically limited to the area A < 10 m )
by the requirement that it can be truck mounted. For such
radiating a peak power P, the average E-field in the aperture of the

s critical because the rise time determines the high-
ponents of the transmitted spectrum in an antenna such as
esponds to the derivative of the signal applied to it. To
ime on a pulse, a peaking switch may be used. Such
n developed since the early 1970s in electromagnetic pulse
The essence of the peaking gap is establishment of very
elds between very closely spaced electrodes. Contemporary
1ave gap lengths of 1 mm, Because of the short gap lengths,
ess than 100 kV can produce spark gap electric fields in
réSulh'ng in very fast breakdown of the gap.
ceed through several brief intervals: capacitive phase before
rc formation, resistive phase as the gas channel heats, and
he switch is fully closed. The latter is inductive, and
e is essential, less than 1 nH. The rise Hme is governed
ind inductive times:

T =41, +1,° (6.4)

BBns 1,

where 7, is the impedance of free space, 377€2. But as we shall
the peak-radiated E-field at a distance R depends on the rate of rise of
widely used figure of merit for UWB is the far voltage (sometime,
field voltage), the range-normalized peak-radiated E-field (somew
effective radiated power [ERP; see Chapter 5] for narrowband

ey ey (6.5
Vf = REp FLApi/3 )
Values are typically of the order 100 kV, but 5 MV has been’ -

Section 6.4.3). ‘ = Th (6.6)

T
t 7z



TABLE 6.2

H-Series of Mesoband Generators

Operating 10-90 Far Voltage, Fatx
Voltage, Rise Time dvidi RE, (kv), Sour
Generator V, (kV) {psec) (kVisec)  Equation 6.3 :
H-2 300 250 1.2 x10% 350
H-3 1000 120 8.3 x 104 360
H-5 250 235 1.1 x 10" 430

Here Z is the circuit impedance, E the field in the switch, “a;
density in units of atmospheres, and the inductances are théga
channel and the housing of the switch. Short gaps mean high g};
to minimize the resistive phase and, since inductance is prop
length, the inductive phase as well. The extremely small interol;
tances do yield high capacitance, even though electrodes are 5
High-spark-gap capacitance and fast charging times lead to. 5
placement curfent that produces an undesirable prepuise on the
electrode. If not suppressed, it can cause unwanted, 10wer~frequ
ponents to be radiated before the main pulse. F

Both oil and gas are used as insulating media for fast switch:
ultrafast switching, the spark gap is dramatically overvolte
spark gap is charged far in excess of its self-breakdown voli ge
determined by the gap geometry and pressure. To hold off b
UWB gaps operate at pressures in the range of 100 atm. Ove
more than 300% of the self-breakdown voltage are achievable

High-pressure hydrogen is the gas of choice for high-repeti
ing UWB switches. Hydrogen has the advantages of supporti
tric fields and faster recovery time over other atomic gases; in
it has high ionization energy.

igh-pressure hydrogen spark gap. The fast charging of
on line creates a large overvoltage on the high-pressure

ave their own issues. When various types of hydrocarbon
. streamer in the oil leaves a long-lived, electrically

In the 1990s, the H-Series devices developed high-pressi . ﬂ‘:l;
switches to produce powerful and very compact mesobarn I’SI‘::E;Y Transformer geakigng (tooaf;gﬁtna)
performance of several H devices, by Air Force Research Lab : Initial | switch

hydrogen
switch

of Albuquerque, can be seen in Table 6.2. Figure 6.4 shows the
configuration and hydrogen switch in the H-2 system. Puls
and voltage multiplication from the initial capacitive store {nof
via the capacitive store/ transformer, and the hydrogen s i
short pulse onto the antenna, The -2 generated a 300-kV pul:
diameter, 40-Q line with a rise time of about 250 psec and a tot;
of 1.5 to 2 nsec. This provided an ultrawide spectrum wit

quency around 150 MHz from a large TEM horn. The H-3 de
nearly 1 MV into a 40-Q coaxial line. To achieve the very fast
H-3 uses a multichannel output switch (Figure 6.5). (Multiple¢
the switch inductance.) The unique transmission line-to-tran
charging technique compresses the pulse and increases the vol
transmission line is charged relatively slowly, then is sw

P,
X LTI -
I

+ Note stages of pulse compression using a sequence of switches to
! éprinted from Agee, EJ. et al., [EEE Trans. Plasma Sci., 26, 864, 1998,
 IEEE.)
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Field radiated from the H-3 source. (Reprinted from Agee, FJ. et al., JEEE Trym:
864, 1998, Figure 4. By permission of IEEE.)
&

charged streamer containing breakdown by-products that the
with decreased breakdown strength. The oil recovers more
limits the possible repetition rate. Titan Pulse Sciences led de
high-repetition-rate oil switches, producing a modulator that
oil switches: a transfer swiich, a sharpening switch, and ap
ening switch.®> The modulator produced pulses with a 10 to 909
100 psec, 200-kV pulses at 1500 Hz, as well as 450-kV pulses
The Titan Pulse Sciences work investigated the recovery o
the direction and rate of oil flow as parameters. If the flow i is'fas
displace a sufficient amount of oil in the gap region, the SWify
strength is that of a single pulse, even in repetitive operati
rate is a strong function of the switch gap d. The region in the g
stressed oil must be displaced between pulses; the volume
is proportional to d3. The displacement distance, and hence th
is proportional to d. Therefore, the replacement volumetric
(see Problem 3). The flow-rate requirements for the fma_
practically realizable, and the power to drive the fluid is cons
so may limit the repetition rate.

QE+9 1E-9 2E-9 3E-9 4E-9 5E-9 6E-9 7E-9 8E-9

Time (sec)

OE+9 15E+9% 20E+9 25E+9 3.0E+9 325E+9 4.0E
' Frequency (Hz)

6.2.2 Solid-State Switches

Photoconductive solid-state (PCSS) switching technology is us
because of very low turn-on jitter, fast rise times, and comp
Such switching has advantages in that it is in principle ver
not in practice), has fewer conversion steps, may allow a de
in frequency and pulse width, and can be used in arrays by ph
modules of lower-power units. The principal limitation is pe
capability. The most likely application is impulse radar beca

t10:m using a large TEM horn. (Reprinted from Agee, FJ. et al., JEEE
98, Figure 5. By permission of IEEE.)




m phosphide (InP). The carrier lifetime is shorter than that
ptical pulse, so switch conductivity and the output electrical
How the amplitude of the optical pulse. Switching in the

Trigger e requires ~1 mJ/cm? of optical energy, and so means
generator ers than the other modes.

l Laser !4l> SCD on mode, the laser causes the switch to close, but the switch

5000 rtway when the laser pulse ceases. The switch (GaAs,

‘when the current through the circuit is shut off by a
1 or some other circuit mechanism. In the linear mode,

S ' s laser power than the linear mode (~1 kW).

Pumlf‘}ec‘ljullja':;:;;fnr al electric field, the switch stays closed, even with the laser

A

FIGURE 6.8

siistained by the switching processes. The threshold
Schematic of a UWB device driven by a solid-state swiich. '

in GaAs is ~8 kV/cm. The energy required to trigger
s reduced about two to three orders of magnitude com-
ar switching, Avalanched GaAs has become the PCSS

energy needed per pulse. The technique is used for lower frequ
GHz) to ease laser rise time requirements on the switch. A typi
shown in Figure 6.8. A pulse line is charged from a voltage soure
has a transit time equal to the desited microwave half period. Th
triggered by the laser, which photonically generates charge' ¢
connects the center conductor to ground. A voltage wave then tr.
open end of the line, doubles, and reflects back to the switch,
line is connected to an antenna and a series of pulses, refle
torth, give a few cycles. This is a mesoband source, of which the
examples.©# Ideally, the pulses would be rectangular, but para
elements produce a rounded profile much like a half cycle o
quency (RF) wave. The amplitude of the wave is determine
voltage, and the frequency by the line length. The switch mu
close in a time that is short compared to the transit time of the
subnanosecond switching is essential if frequency content &
gigahertz or more is desired. '
The photoconductive switch operates by modulation of the
of a semiconductor by photoionization. When a laser photon
toconductor, its energy creates an electron—hole pair in picosecon
ing an electron to the valence band and leaving a hole in th

band. Reviews of switch development are available.#10 Seve
operation exist:

is the ratio of the output power of a photoconducting
ower necessary to switch it. The gain achievable depends
‘medium; gain is greatest in the avalanche mode. For
alculates linear mode gains in GaAs of <2, and ava-
f10 to 100; higher values are possible. The lock-on mode
the fast, subnanosecond high-current switching necessary
nigh power UWB microwave sources. Gallium arsenide is
ommonly used material, and the principal development
nd power handling. The lock-on mode has substantial
ial, which leads to filamentation of the current and burnout.
f the switch varies inversely with the power level it passes.
1t excess of 10° pulses/switch and decrease with repetition
h, and power level. The current developments in photocon-
e to improve these performance measures along with

ugh GaAs has become the PCSS of choice, $iC is under

ful PCSS UWB system was the GEM 11, built by Power
g GaAs bulk avalanche semiconductor switches (BASSs).!1
Is very compact, so with a horn output, it can be arrayed
diator as in Figure 6.9, a 12 x 12 array of BASS modules
KV/m at a 74-m range — a far voltage of almost 1.66 MV
ate of 3 kHz. The array measured 1.6 x 1.6 x 0.86 m and
was able to combine the multiple beams and steer the

° In the linear mode, one electron-hole pair is produce

photon absorbed, and therefore, the conductivity is lin
portional to the total photon flux on the semiconducto
The typical material is silicon (Si} or doped gallium arser
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prototype IRA. (b) The later IRA II. (Reprinted from Giri, D.V. et al,,
5, 318, 1997, Figure 1, By permission of IEEE.)

i
FIGURE 6.9 :
GEMI, an array of horn outputs driven by bulk avalanche solid-state switches

a truck. The beam formed by the array can be steered by changing the Hming's;
switches. The output pulse is similar to that in Figure 6.7. ::

e they are frequency-independent structures that produce
nts. However, because of the finite size of the high-voltage
e them, it is often necessary to add some corrective lenses
make the wavefront more spherical.
choice in the UWB community is the Impulse Radiating
he book by Giri! is the most complete account, and a
 appears at Reference 13. The IRA is a means of launch-
band waveform onto a parabolic reflector. A pulser pro-
h the final fast switch located at the focal point, which
of two'transmission lines leading to the dish (Figure 6.10).
age source is ideally a step function, which in practice is a
se with a slower decay. The TEM wave launched from the
d along the conical transmission lines toward the dish, The
d at the dish, making a Ioad for the pulser electrical circuit
atch.
ment of the geometry is that the dish is illuminated by a
ave: If so, the phase center of the wave is fixed, and the
285, unlike most other antennas. A nearly spherical wave
h and propagates as a near-parallel wave into the far
from the focus, a spherical wave Hluminating a parab-

6.3 Ultrawideband Antenna Technologies

Radiating UWB transients requires antennas specifically design
mized for this very demanding application. The key considerati

broad range of frequencies. There were two approaches to sol
lem: modification of conventional antennas, usually TEM hor
tion of a new type, the Impulse Radiating Antenna. '




oloidal dish reflects as a plane wave focused atmﬁminhc IRA o the prototype IRA has a 3.66-m dish fed by a pulse with a rise
complex, and the detailed operation is very complex.!415 - psec, so its upper and lower frequencies are 2.7 GHz and 27
The radiated field for a paraboloidal dish is

uring the radiated field, how far away does one need to be to
1d? For UWB, the distance corresponding to the 2D?/A dis-
narrowband (which comes from requiring that AR, the differential
to the observer from the antenna center and edge, be A/16)
~the condition that the differential travel distance be less
=73

E(R t)—dV*’ D
T dt Amgf R

where dV,_/dt is the rate of change of the voltage launched by_:
{showing the importance of rise time), D is the dish diameter, and

ratio of the impedance of the fransmission lines to that of free s Rfe<t, . (6-11)
As an example, the prototype IRA system (Giri!) has D = 3.66 m
1.2 x 10" volis/sec, and f, = 1.06. Therefore, at a range of 100 m ik
110 kV/m. 2
The pulse in the far field has a prepulse, the main pulse, and a R> D2, (612)

undershoot. The prepulse is negative, with a duration of 2F /¢
the focal length-of the dish. :
The figure of merit adopted for UWB is the far voltage, defined
6.3. For the prototype IRA, this is 1.1 MV. The best hyperband'sy's
far-voltage ER products measured in megavolts. '
UWB pulses propagate with considerable dispersion off
fastest pulses on axis, but slower pulse shapes at higher ang
times and durations of pulses vary with angle. The gain of impul
is an issue i the community because gain in narrowbarnd
defined for single-frequency waveforms. This makes simple form
and beam width difficult to define. A useful quantity somewhat
the figure-of-merit far voltage (Equation 6.3 divided by the vo
pulser that produced it):

IR'A, R > 170 m {see Problems 4 and 5).
st hyperband IRA has complexities:

ltages (>100 kV), the high-field region around the switch
ulated by oil and shaped to provide a lens to keep the
wave spherical. The lens is used at the apex of the
orrect the astigmatism introduced by the finite size of
h; With careful design, the wave is corrected by the lens
ierical wavefront, so that, upon reflecting from the par-
‘face; it emerges as a plane wave.

ge hyperband pulsers producing ~0.1-nsec pulses at ~10%
ficult to design and build, but the electrical circuits are
( with equivalent circuit codes if the components are
UWB gain = V,/V, = E(R) R/V, : _ raracterized.

as, on the other hand, are relatively easy to fabricate, but
analyze accurately.

where E(R) is the time-domain peak field. For prototype IRA;
and the gain is 10. A

The frequency bandwidth of the radiated field is determing
time of the pulse driving the IRA and the dish diameter. The reja
upper frequency f, is

eflector IRAs, lens IRAs consist of a TEM horn with a
¢ aperture. Focusing lenses at the output of TEM horns
arity of the wavefront and, in creating a plane wave,

ispersion, which increases the rise time. The lens adds
¢ weight, so lens IRAs are used in applications with

fot,=In9/2n =035

where £, is the frequency at the upper half-power point in the:
t, is the 10 to 90 rise time of the pulse injected into the IRA
from requiring that @ t, = 1 and that t. be the 10 to 90 rise tim
limit of frequencies radiated has a half wavelength of about the:

baﬁd Systems

amples of representative UWB devices, by frequency




