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Abstract—The generation of ultra-wideband (UWB) pulses of 1 kHz. Later, when Bournlea researchers employed a ferrite
is a challenging problem that involves generating pulses with |ine pulse sharpener for pulse compression, the rise time of the

than 500 KV. Puisevidins fom 130 ps 10 a fow nanoseconds S9N3! Was reduced to 500 ps [2]. As a resul, the promise of
(ns) are possible. A critical step involves switching high voltages very fast,_hlgh voltage, UWB pulser was r_eallzed. )
with precision. The use of both gas and oil for the switching  Ultra-wideband technology is of current interest to the Air

medium has been accomplished with varying results. The Air Force Research Laboratory (AFRL) where research efforts
Force Research Laboratory (AFRL) is pursuing both media in  have been underway for a number of years [3]4[SJandia
the gas-switched H-series of pulsers and in studies of oil SWitChesNational Laboratories (SNL) has also produced a number of

that promise good performance in compact packages. We are also . .
pursuing solid-state switched systems that have demonstrated the UWB sources and solid-state devices that have demonstrated

potential for use in compact systems and in transient antenna Substantial increases in power and repetition rates [6]-[10].
arrays with steerable beams. This paper reviews recent progress The development of new sources and antennas for the
in fast, high voltage switching and UWB transmitter development. production of high power UWB fields has proceeded along
These UWB pulsers and antennas have the potential for use in geyerg| distinct lines in the past six to eight years and is
transient radar, target identification, and communications. L . .
now beginning to branch out into other lines of technology.
Index Terms—Brewster angle window, gas switch, high power This work has brought new knowledge about gas switching
microwave, impulse radiating antenna, oil switch, photoconduc- 54 jnsylation [11], materials breakdown [12], shock line
tive solid-state switch, radio frequency lens, silicon avalanche . . .
shaper, spark gap switch, transient antenna, ultra-wideband. pulser technology [13], prgpagauon [14],.and optics [15]. This
research into UWB transient antennas in our laboratory and
in others around the world has also contributed significantly
to the development and improvement of extremely wideband
|. - BACKGROUND continuous wave (CW) and nondispersive antenna designs
LTRA-WIDEBAND (UWB) sources and antennas arg16]-[18].
of interest for a variety of potential applications that The approaches have included two thrusts involving gas
range from transient radar systems to communications systeswitched sources: very powerful, high pressure hydrogen spark
Predating the recent technology developments of the lastp pulsers and compact hydrogen gas switches in conjunction
several years were a number of important discoveries in thith high gain UWB antennas. Recent improvements in high
1980’s that led to the first UWB pulsers capable of transmittingpltage insulating oil [19], [20] and short-pulse gas switching
high peak field signals through a variety of antennas. Thave made significant contributions to the UWB technology.
Bournlea pulse generator is a good example of an instruméy# the technology progresses, of course, it is also making
that is capable of fast rise times and a high repetition rate [plossible experiments that are teaching us a great deal about
Using a CX1599 hydrogen thyratron as its basis, the originalaterial properties under high stress, short pulse conditions.
Bournlea pulser, made in 1986, could produce a 5-kV pul3ée new parameter space poses significant research challenges
with a rise time of 3 ns and a pulse repetition frequency (PRE) the attainment of more powerful UWB sources as is
discussed in the next section.
The AFRL is also pursuing arrays of solid-state switched
Manuscript feceivgd_ October iO, I1997; reVislesv M;fﬁh 18, i'99h8-PT*li§WB pulsers and antennas that have great promise. Solid state
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Il. GAs-SwITCHED UWB SOURCES can be pulse charged to much higher fields than can generally
be achieved in gases. The equations which estimate the rise
A. Gas Switches time are strongly dependent on the electric field. Thus, the

o . . higher electric field strengths achievable in liquids can result
The switching element is a major component of any pOWgI™ <1 orter switch rise times

conditioning system and ultra-fast closing capability, along The use of various types of hydrocarbon oil as a switching

with fast voltage recovery for uws h|gh power MICTOWaV&,q iym for the generation of sub-nanosecond rise time pulses
(HPM) generation, are desired. A fast-rising pulse is critic high repetition rates was first seriously proposed, then

because the high frequency components of the transmmc'?éjmonstrated, by the late P. Champney and his team at Titan-

spectrum are determined by the rise time. To sharpen the 'Bfise Sciences [23]. When oil fails electrically, it leaves
time on a pulse, a peaking switch may be used. Such switcrpgﬁ '

. ; g-lived, electrically charged streamer byproducts which
have been part of UWB systems since the early 1970's, WhSchease the effective breakdown strength of the oil. This

they were included in electromagnetic pulse (EMP) SImUIatoriﬁhibits the recovery rate of the oil, and discourages its use

The crux of the peaking gap is the establishment of very hi gr repetitively pulsed systems. The Titan-Pulse Sciences team

electric fields between very closely spaced electrodes. T dertook a systematic investigation of flowing oil switching

|tnter-'eliec.trodteh sp'a(tn.nglls ICZOSten to b? ;}S smallkashposs Igtems for the generation of sub-nanosecond rise time, high
0 Mminimize the Intrinsic inductance ot he spark chann epetition rate pulses. This work of Titan-Pulse Sciences is
since the channel inductance will obviously limit the rise t'm%videly referenced and is the basis for all wideband switches
Spark channel inductance of less than 1 nH has been aCh'eMﬁﬁzing oil switches developed to date. Their effort resulted

:Nith ?]ap Iengthﬁ of 1 mlm and I?TS' Bicauigoolz\t/he shortdgiﬁpa modulator that contained three oil switches: a transfer
'engt S, EVen charge vo taggs ofless than can prodyirc a sharpening switch and a peaking/sharpening switch.
interelectrode electric fields in the MV/cm range with voltage, . .\ qulator produced pulses with a 10-90% rise time of
doubling at the spark gap. Short gaps and high electric fiel 8o ps and performed at 200 KV, 1500 Hz and 450 KV, and

also minimize the resistive phase, which can also limit risbeoo Hz [24]. Voltages of 800 kV were achieved with single

time. According to J. C. Martin’s widely used result [21] thot conditions.

_4/3 . . . ) . . )
decreases a , whereL is the electric field. The accuracy The Titan-Pulse Sciences work investigated the recovery of

of this result for the extreme of UWB switching COHOIItIOn%.witches with the direction and rate of oil flow as parameters. If

1S, h_owevc_er, uncert_am. These small mtgrelectrode d_|stan<i 8 flow displaces a sufficient amount of oil in the gap region,
do yield high capacitance, even for relatively small diamet e switch breakdown strength, even in repetitive mode, is

electrodeg. Mqreover, this high sparlf gap capacitance, andé Cfor a single pulse. Thus, the oil flow requirements are a
fast charging times lead to a strong displacement current wh ong function of the switch gag, and a useful relationship

manifests itself as an undesirable prepulse. . : :
o . etween the switch gap spacing and the flow requirements
To produce ultra-fast switching, the spark gap is dramaﬁ gap spacing d

] . . . as been determined [23]. The stressed oil region must be
caI.Iy overvolted; that is, the spark gap is Ch?‘fged far in EXCEY placed between pulses. The volume to be displaced, then,
of its self-breakdown voltage. Modern peaking gaps typ|cal)§ roportional tod®. The displacement distance, and hence
operate at gas pressures in the range of 100 atm (1400 psj '

d electric fields in the MV/ TH if-breakd velocity, is proportional tal. Thus, the volumetric rate
and electric fie s in the cm range. The Sel-breakdoWlhl,eg agit and the power to drive the flow goes @S Thus,
curve for gases is known to saturate in the vicinity of 10

. ~“the flow rate requirements for peaking gaps are generally
M'\t/r{m tfor F;ri;suretstr:o 50|fagm [kzdz]' To altt:h|eve;hovervoll<tlngea"2able, while flow requirements for switches located earlier
without switching at the seti-breakdown voltage, the spark ggp, pulse compression sequence may be prohibitively large.
is pulse charged very quickly. This allows a large overvolta

. . o examples of flowing oil UWB transmitters are the SNL
to be achieved, and overvoltages of over 300% are achlevalgfqlpER agd the AERL gPhoenix listed in Table |

B. Oil Versus Gas Switches

High-pressure hydrogen is the gas of choice for high repg: H-Series of UWB Sources
tition rate, sealed, peaking switches. Hydrogen has the advanThe H-Series devices use high-pressure hydrogen switches
tage in fast recovery time over other atomic gases. Pressuegproduce powerful and very compact UWB sources. The
on the order of 100 atm, however, are necessary to get firet H-series device, the H-1, was completed in 1991, and the
required breakdown voltage. The very high pressures impakevelopment has continued to the recent development of the
severe constraints on the geometry of the source, which in tirb. The H-1 produced a peak voltage of 150 kV into a 2-in
may introduce impedance mismatches into the transmissiondidmeter, 502 coaxial line. Although the power output was a
electrical energy within the source. modest 450 MW, it successfully demonstrated the concept of a

The use of transformer oil in the peaking switch instead diigh pressure (1400 psi), hydrogen-switched source. The H-2,
high pressure gas alleviates many of the mechanical desmmpleted in late 1992, represented a substantial improvement
problems. Switches using transformer oil are able to achiegeer the earlier version. It generated a 300-kV pulse in a 4-
higher interelectrode electric fields than those using gaseongiameter, 401 line with a rise time of about 250 ps and
dielectrics. The time dependency of threshold electric fieldsastotal pulse length of 1.5 to 2 ns. This provided an ultra-
much greater in liquids than in gases. Thus, liquid switch@gde spectrum with its center frequency around 150 MHz. A
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TABLE |
FIGURE-OF-MERIT FOR UWB SOURCES DEVELOPED OVER THELAST SEVERAL YEARS SHOWING SUBSTANTIAL GAIN
IN PROPAGATING ELECTRIC FIELD STRENGTH AT RANGE. THE FIGURE-OF-MERIT IS THE PRODUCT OF THEFIELD STRENGTH
MEASURED IN THE FAR FIELD AND THE RANGE AT WHICH IT WAS MEASURED. IT IS AN ANTENNA-DEPENDENT QUANTITY

Source /Antenna Year Type Operating Figure- Comment
Voltage (kV) of-Merit
(KV)
Bournlea / TEM horn 1986 Thyratron 10 35 Antenna was large, 6 ft
switch aperture TEM horn
w/shockline (Ref. 1)
BASS™103 / finline 1989 Photo- 12 10 Predecessor of GEM
conductive series
Solid-state
SNIPER / TEM horn 1991 | Flowing Oil 250 120 SNL Source (Ref. 9)
switch
Kentech Pulser / “kipper” shaped | 1992 Solid state 4 4.2 Stacked parallel/series
horn combination of 400 V
switches
PHOENIX / TEM horn 1992 | Flowing oil 600 200
spark gap
EMBL / TEM horn 1992 Bipolar 750 380 SNL Source (Ref. 9)
Blumlein
GEM-1/ finline array 1993 Photo- 12 75 16 switches charged to
conductive 12kV
Solid-state
LCO /12" dish (UHF) 1993 | H spark-gap 125 400 Fat dipole cylindrical sub-
switch reflector. SNL Source
(Ref. 7).
H-2+/TEM horn 1993 | H spark-gap 500 350
switch
H-3/18" TEM horn 1994 | H spark-gap 400 360 Capable of 1 MV
switch operation. Operated at

reduced voltage in
anechoic chamber.

GEM-2 / finline array 1994 Photo- 17 1650 144 switches charged to
conductive 17kV
Solid-state
GEM-1+/ finline array 1995 Photo- 12 100 Upgraded switches.
conductive 8 switches charged to
Solid-state 12 kV
TLO / fat dipole 1995 See 1500 240 Bi-polar transmission line
comment oscillator. SNL Source
(Ref. 52)
IRA / 4m-dish 1995 | H spark-gap 120 1300 Unique antenna/load
switch design to maximize field
at range
LCO/ fat dipole (VHF) 1996 SF¢/N gas 400 190 SNL Source (Ref. 52)
spark-gap
switch
H-5/ TEM horn w/Brewster 1997 | H spark-gap 125 270 Designed to be compact.
angle window switch
H-5/TEM horn 1997 | H spark-gap 145 430 Simple horn antenna,
switch allowed higher charge
voltage

schematic diagram of H-2 is shown in Fig. 1 and a picture &fhen fully charged, it is switched into the second line using
the H-2 mated to a large TEM horn is shown in Fig. 2. a high-pressure hydrogen spark gap. The fast charging of the
The next two pulsers in the series, H-3 and H-4, weecond transmission line creates a large overvoltage on the
designed to produce a much higher frequency spectrum witigh-pressure hydrogen, multichannel, ring gap switch. The
the center frequency between 1 and 2 GHz. The H-3 devidell potential of H-3 has not been realized to date as it has
which is shown in Fig. 3, generates nearly 1 MV into af40- only been used with small antennas. The radiated field data
coaxial line. The radiated field from H-3 has a rise time afhown in Fig. 4 was generated using an 18-in TEM horn with
130 ps and a total pulse duration of only 300 ps, as showrpeak voltage of 130 kV. The field at 6 m was 60 kv/m.
in Fig. 4. In order to achieve the very fast rise time, the H-3 The H-4, which is essentially a larger version of the H-3, is
makes use of a patented charging technique [25], [26], astill in design. The goal for the H-4 is to produce 2 MV into a
a multichannel output switch. The unique transmission lind0-<) coaxial line. The waveform will have a rise time of 130
to-transmission line charging technique compresses the pubseand a pulsewidth (FWHM) greater than 250 ps. The H-4
and increases the voltage. The dual transmission line allodessign is near completion, but we postponed work on the H-4
the first transmission line to be charged relatively slowlyo devote our energies to the completion of a new source, the
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Fig. 1. Schematic of the H-2 pulser. Fig. 2. H-2 with large TEM horn.

H-5 which is basically a higher power version _Of the H-2. Th@ery precise oil and polyethylene lens at the apex. The lower
H_'5 source was develeped t(_) be a robust, h'gh POWer, um]?équency point is a primarily a function of the diameter of the
wide band source that is mobile and self-contained. The design .4 aperture and, in this case, the m compensation
goal is to generate 500-kV pulses with a rise time@50 ps, nanyork at the base of each arm that allows wavelengths larger
and a pulsewidth of 2.5 ns. The system is still in developme@p:ran the diameter of the antenna to be radiated [16], [27].
and thus far has reached about 250 kV. It is our goal to achieveAt late times, or low frequencies, the antenna is dominated

full design voltage by the end of this year. The output voltag&, ojactric and/or magnetic dipole moments, which we rep-
waveform of the pulser and radiated field waveform is sho sent asp and m. The electric dipole is produced by the
in Fig. 5. In this case, the antenna was the 20-in unbalanggg (ime charge separation or voltage appearing at the ends

TEM horn with the Brewster angle feed, shown in Fig. 8y e feed homs. The magnetic dipole is due to the current

with the addition of a 20—ir_1 diameter polyethylene fo_cusinﬂowing around the loop formed by the feed homns and the
lens at the aperture. The first prototype of this machine WERh itself. In order to minimize oscillations, the feed arms
demonstrated in March 1997. At 30-kV charge,

strength radiated was 60 kv/m at a range of 4.5 m, resultifig,eqance. The resulting balanceppfindm serves to direct

in a field-range product for this source/antenna comblnatl% low frequency radiation vectdp x m) in the direction

of 270 kV. The H-5 was also used with the large TEM hormy ye reflector's main beam. Thus, at low frequencies where
and the ra@ated field in this configuration is shown in Fig. ?he wavelength is of the order of the reflector diameter, the
The peak f|eld st_rength measured was 43 kV/m at a range Qlenna will not radiate omni-directionally, but rather in a

10 m. The rise time was 238 ps. cardioid pattern with the maximum on the boresight of the

D. The IRA reflector. The net effect of this is to increase the amplitude of

_the low frequency spectrum by about 6 dB and increases the

_The Reflector Impulse Radiating Antenna (IRA) shown iy, frequency bandwidth by a factor of two. In the case of
Fig. 8 also uses high-pressure hydrogen switching to produtﬁg 4-m IRA, the low frequency limit is lowered from 70 to
an extremely powerful UWB pulse [16]-[18]. With a charge Ozf;lbout 35 MHz.

only +£60 kV, the system generates a transient signal that Wasry,ase gesign features gave the IRA a 3 dB beamwidth of
measured to be 4.25 kV/m at 305 m, which gives a field-range, » 55 getermined from the measured peak electric field.

product of about 1.3 MV (see Table I). In the next version, e, o nerformance of this antenna and pulser system compares
plan to increase the charge voltage=£0180 kV, which will favorably with that of our most powerful UWB radiating

increase the radiated field proportionately. A smaller reflect stem, the GEM Il array, despite the comparatively modest
IRA using the same lens and feed geomety can be designfke sed to drive it. Even with this kind of performance,

as long as it has the same focal length-to-diameter (F/D) ralifere is substantial growth potential in the combination of the

The voltage pulse from the 4-m IRA has a rise time of lesgs_q\vitched pulsers of the H-series with variants of the IRA.
than 100 ps and /e fall time of about 20 ns. As a result,

the radiated field has a rise time of 85 ps and a pulsewidth .

(FWHM) of 130 ps plus a long undershoot which contain§: Challenges for Gas-Switched Source Research

most of the low frequency energy. The 3-dB bandwidth of 1) Multichannel Switching:The most powerful UWB

the IRA’s radiated spectrum covers 35 MHz to 3 GHz. Thpulsers involving gas switching have been the H-series sources
high frequency roll-off is governed by the voltage and risthat have been developed in a sequence that now includes the
time of the gas switch and the optical correction afforded byt5. The designs for the H-series pulsers, H-3 and H-4 used
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Fig. 3. Schematic of the H-3 pulser.

limited by the recombination rate of the gas. However, we

note with interest that personnel at the Naval Surface Warfare
Center, Dahlgren, VA, have suggested that pulse rates of up
to 10 kHz are possible by flowing the high-pressure hydrogen

. T '
ol /\ 4 gas [29]. Higher repetition rates for UWB gas switched pulsers

I | |L-' obviously can be done, but engineering it into a compact
- |'n' | I source presents a challenge. The range of repetition rates from

= I 2 kHz to 10 kHz is a research interest for the near term
for reliable switching in configurations that preserve the low
inductance required to achieve the rise times of 100 ps to
1 ns. We plan also to study a number of gases to develop

&0 L 41 data for repetitively pulsed switch use. We anticipate that
further progress in UWB switching at high repetition rates
T R ¢ = | is possible.
o 3) Insulators: For our radiating systems, insulators have
Fig. 4. Radiated field from the H-3 pulser. been used in two ways: as a dielectric standoff and as lenses.

Both uses require low loss and dispersionless materials.
a low inductance, annular multichannel switch for the final TYPically, the material of choice for dielectric standoffs in

stage of the pulser. In theory, this should work because ti{¥¢ H-series of pulsers has been LeXéna brand of poly-
uniform multichannel switching should provide very fast ris§&rbonate resin manufactured by General Electric. LB‘kan_
time. However, we found it to be difficult in practice. Theh@s good dielectric strength and is easy to machine. While
dimensions of the gap and the tolerances required were fodrRxam™ is strong enough that it will not flow when placed
to be critical and hard to maintain in the large switch geometHpder high pressure, it does tend to creep. Moreover, 'éan
at the high pressures required. As a result, our experiencd@pds to craze when it comes into contact with transformer
date with multichannel switches has been mixed. The switéH. Which results in a reduction of mechanical strength.
tends to break down at only one point along the circumferenEéectrically, Lexar™ has the relatively high loss tangent of
resulting in nonuniform launching of the electromagneti@-006 at 10 GHz. The loss tangent in a transmission line
wave (equivalently, launching a non-TEM mode). Also, &tructure is modeled as a conductance, which is dispersive.
higher inductance than expected was noted. These factof$ @ device such as H-3, with a fast rising output pulse,
made the performance erratic and increased the rise timeth@ propagation through the LexX&h standoff degrades the
the output section. At this time, the H-3 is being redesigned tige time. For these reasons, alternate materials are being
attempt to improve the switch performance. There is interedgught. Among the interesting candidates are Rexolite and
in investigating other means to insure multichannel switchingprion. Rexolite 1422 is a plastic with a dielectric constant
for these pulsers. Some techniques involving the use of W 2.55 at 100 MHz and 2.54 at 10 GHz and a loss tangent of
sources have been widely used to enhance the performafd¥047 [30]. Rexolite also exhibits considerable mechanical
of gas spark gaps; however, they do not work at pressustgength, with a tensile strength of 7000 psi [31]. Torlon, with
above ten atmospheres [28]. a dielectric constant of 3.9 at 1 MHz, is another strong material

2) Repetition RatesRepetition rates of 2 kHz have beenwhich was successfully used for the high-pressure hydrogen
achieved with the H-2 and H-3 devices. This is apparentfjas enclosure on the prototype 4-m IRA [16].
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Fig. 5. Radiated field from the H-5 at 4.5 m with a Brewster angle horn and 20-in polyethylene focusing lens.

A new mixture of materials, G-10 and Kel-f is being studietime less than 100 ps, has selectable pulsewidths of up to 5
for use as a switch component. This combination has a safe; an rms jitter of 10 ps, and a pulse amplitude of 6 kV
factor of four when pressurized to 4000 psi, and a yielgder module into a 5@ load. The modules may be stacked
strength of 16 000 psi. Kel-f is a very dense material that is series and parallel to provide higher voltages without loss
impervious to gases like hydrogen. of timing performance. Kentech has demonstrated a stack that

For lenses, there is, generally, not a requirement for mechgmneduces 24 kV into a 50 load and they believe that 50 kV
ical strength. For transient optical applications, the materidgtsachievable [33]. In the early 1990's, a module was used to
of choice have been polypropylene and polyethylene. Both @nduct experiments to determine the effectiveness of UWB
these materials are relatively dispersionless with a low loggdar for target identification [34].
tangent. For high power applications, the lens is generallyA significant advantage of stacked avalanche devices is
paired with a feed through which is insulated from high voltag@at a laser is not required to trigger the avalanche process.
with transformer oil. Both polypropylene and polyethylenghese devices employ well-characterized, low-cost silicon
have a relative dielectric constant which is close to th@hich has four times the thermal conductivity of gallium
of transformer oil, making the oil/lens interface electricallyrsenide used in the avalanche photoconductive switches. An
invisible. Typically, high power lenses are large, and therefoggiernative, two-terminal avalanche technology uses a drift step
constructed from polyethylene that can be obtained in |af9&:overy diode (DSRD) driving a silicon avalanche shaper
castings. Currently, the AFRL is proposing the use of artifici gAs) in a TRAPATT mode. |. Grekhov and his colleagues
dielectrics for applications such as lensing [32]. Artificiakt |offe Physical-Technical Institute, St. Petersburg, Russia,
dielectrics are synthetic media which may be composed Rfye pioneered this technology [35], [36] since the late 1970’s.
conductive elements embedded in a natural dielectric bi”dRrecentIy, the AFRL, in conjunction with the University of
The effective dielectric constant of artificial dielectrics cagew Mexico and Old Dominion University, has studied the
be designed to be much greater than natural dielectrics. Iiigysical processes of the silicon avalanche sharpeners and its
expected that the implementation of artificial dielectrics WOU'Qperating characteristics [37]-[39]. This study confirmed the

result in considerable weight savings. robustness of the technology and validated all the operating
parameters. The DSRD opening switch achieved a rise time
IIl. SoLID-STATE UWB SOURCES of 740 ps and 1.9 kV pulse amplitude, providing th#? V/s
) transient required to rapidly drive the SAS into reverse bias
A. Stacked, Semiconductor-Based Pulsers breakdown. The SAS sharpens the transient to a 100-ps rise

A proven technology for UWB applications is based otime at the DSRD pulse amplitude level into a S0load.
ultra-fast, semiconductor-based stacked avalanche switcHgfe times greater than0!! shots have been achieved for this
An example of a pulser employing stacked avalanche tragsystem. The DSRD’s have been stacked in such a way as to
sistors is the Kentech HMP. This device demonstrates a rigeduce high voltage pulsers with fast transients using a SAS
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Fig. 6. Diagram of a TEM Horn with a Brewster angle window.

shaping head. One such system which was tested was an lbffethe switch contact layout on the GaAs substrate. For
Institute PPG-10-5 pulse generator which achieved an outputitch contacts formed on opposite sides of the substrate such
amplitude of 10 kV, a rise time of less than 100 ps (witthat the gap isacrossthe substrate thickness, the conduction
shaping head), a pulsewidth of 2 ns, and a pulse repetitinrechanism is through the bulk of the GaAs. This is termed
rate of 5 kHz into a 5Q2 load. The developers believe thabulk switching. Notable examples are the bistable optically-
a 100-kV pulser with the same temporal characteristics é¢®ntrolled semiconductor switch (BOSS) [41] and the Bulk
achievable. Avalanche Semiconductor Switch (BA8Y [42] produced
by Power Spectra, Inc. The other switch design is called a
lateral switch. In this case, the switch contacts are formed
) o on the substrate such that the gap and the main conduction
Photoconductive switching technology offers the potentighih areparallel to the substrate surface. The development
for very low turn-on jitter, fast rise times, extremely COMys |ateral switches has been conducted through a cooperative

pact packaging, and ease of phasing numerous modules. Fgma| DoD effort involving several service laboratories and
AFRL involvement in development of photoconductive solid, i ersities

state switching (PCSS) technology began in the late 1980’sThe BASGM

shortl_y after investigators.at SNL made a new discovery Whi{ﬁem can be switched with sub-100 ps rise time performance
studying fast recpvery_swnches. They showed that a _IOCk'O'ﬁsing a GaAs laser diode coupled to an optical fiber splitter.
phenomenon existed in optically activated GaAs switches R‘&ditionally, these devices achieve 10 ps rms jitter and

fields above 8 kV/cm [40]. This nonlinear effect caused the cater than 3 10° shot lifetime, making them particularly

switch to remain conducting even after the optical pulse h:% . )
) D L Suitable for parallel arraying to achieve greater current han-

turned off, and the switch rise time was not limited by the laseér: - . . : )
dling capability. The maximum switch gap is constrained by

rise time. In addition, the optical energy required to trigger .. : A
« » - ‘optical absorption and thermal dissipation in the GaAs, thereby
= 0,
the “lock-on” mode was less than 0.1% of the energy requwg&’pping the voltage hold off to about 17 kV. Under contract

to trigger linear switching. This new effect opened the dodf ) . .
for many exciting new applications that require high currel)ﬁ”th the U.S. Air Force, Power Spectra, Inc. designed a series

switching in the fast, sub-nanosecond time regime includir® UwB Iabqratory sources using BASS devices _called
the generation of high-power UWB microwave sources a e GEM series, which have demonstrated the unique capa-

other applications. bilities of low-jitter solid-state switching technology. These

The first effort with PCSS switch development was iigapabilities include power combining in the radiated field by
collaboration with SNL to assess the feasibility of using'T@ying many low-voltage sources, electronic beam steering,
photoconductive switching to improve the performance &nd variable beam forming and pulse repetition frequencies
EMP simulators. Two candidate semiconductor materials weghieved by either simultaneous firing of all array elements
investigated for this purpose. The first set of experimen@ ‘ripple” firing of the array elements in time sequence. The
clearly eliminated silicon as a candidate material because!8pult is an array that can provide short bursts at a very high
the energy and rise time requirements of the laser imposed figF- The culmination of this series of sources is the 144-
linear switching. GaAs became the material of choice becaug@lement GEM-II array that achieved 22.3 kV/m at 74 m range
it requires less laser energy, and the switch rise times wé@d a PRF of 3 kHz [4]. The 1650-kV field-range product of
independent of the laser pulse rise times because of the lo#le GEM-II array is the highest ever demonstrated by a UWB
on phenomena making these devices an ideal candidate Source, performed with a charge voltage of only 17 kV (see
the EMP simulator application. Table 1).

A second effort involved a joint government and industry The lateral-PCSS technology is being pursued in order to
program to develop solid-state-switched HPM sources usiifigrease considerably the operating voltage and hence the
GaAs. This effort’s scope has two parallel developments thradiated energy of solid-state switched arrays. Refractory-
can be characterized by the switch conduction path dictategttal contacts shaped in a Rogowski profile, used to produce

B. Photoconductive Solid-State Switched Arrays

device is extremely compact, and several of
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Fig. 7. Radiated field of the H-5 at 10 m with a large TEM horn.

a uniform electric field across the gap, are formed on d&helement is matched to a parallel plate Blumlein commuted
undoped, GaAs substrate surface. The AFRL has tested twith a 0.25-cm gap lateral PCSS. With a charge voltage of 17
switch gap widths, 1.0 cm and 0.25 cm, to demonstrate the day, the array achieved a range-field product of 20 kV [44].
width effect on rise time, voltage hold off capability and lockFurther improvements in lateral-PCSS speed and voltage hold
on voltage drop [43]. The switch topology is compatible witleff will improve the range-field product of the array.

parallel plate transmission lines and Blumleins, which serve Presently, solid-state switching technology is being assessed
as energy storage for the PCSS prior to switching and a lof@r suitability in a number of applications such as impulse
dispersion transmission line to an UWB antenna or resistivedar. Depending on the device and the application, switch
load upon switching. The 1.0-cm gap demonstrated the abillfetimes up to10° shots have been achieved. Also, PRF's
to hold off up to 135 kV, but a working potential of 50 kvof 10 kHz, and power handling capability in the hundreds of
enables greater thanx2 10° shot life time in a 75 resistively Megawatts have been achieved. System jitter in the prototype
terminated, parallel-plate transmission line. However, the lar§¥stems allows timing control within 10 ps. The ability to
gap increases the rise time (430 ps demonstrated), establigi&ay large numbers of independently controlled elements has
a 5 kV voltage drop across the switch during lock-on, arlegen demonstrated and because of this ability and the low
only one switch can be fabricated on a 2-in GaAs substraliiter, electronic beam steering is possible and has been demon-
The 0.25-cm gap has demonstrated hold off up to 32 kV, psirated. Fur;he_r development of this _technology is still required
a working potential of 20 kV is utilized for increased lifetimg© ddress lifetime and power-handling issues; however, PCSS
in a 750 resistively terminated, parallel plate transmissioffchnology has reached a level of maturity where application
line. The smaller gap reduces the rise time to 350 ps, reduéedeasible [3]-

the voltage drop across the switch during lock-on to 1 kV,

and four switches can be fabricated on a 2-in GaAs substrdte, R€search Issues and Technical Challenges

thus reducing cost. Recently, an array with a 30er80 cm for Solid-State Switched Sources

aperture composed of a linear array of four flared TEM horns The building and demonstration of advanced array designs
was designed, fabricated, and tested at the AFRL. Each Y@H provide an increased understanding of the issues involved
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with timing of high power UWB signals. It is clear that
improvements can be made in antenna design to enable t
radiation over a wider spectrum compared to the relativel
limited bandwidth of the dual finline antenna used in the
GEM-series waveguide arrays. New designs that incorpora
better elements and arrays that allow the late time enerc
to be radiated rather than being cut off. This will enable
more dynamic interaction of RF radiated pulses with scatterer
potentially obtaining more target response. It can also mak
applications from radar to electronic warfare more robust
Compact packaging will be accomplished for remote prospecis
ing, airborne, and space applications.
Lifetime and power handling issues continue to be the majc
concerns associated with PCSS technology. The “lock-on o
mechanism leaves a substantial percentage of the switchij
field present during the conduction phase. This can lead
large power dissipation in the devices and filamentation the
shortens switch lifetime. Lifetime and power handling tend tcs
be inversely proportionate; however a careful systems desic
approach can greatly enhance the lifetime and power-handlir _
capa@hty of a PCSS. “_1 general, as Sys_tems and apP“_Cat'f%'. 8. The 4-m diameter reflector-impulse radiating antenna (IRA).
requirements increase (i.e. PRF, power, lifetime), the difficulty
in maintaining the optimum operating parameters for the PCSS o i )
increases substantially. A number of contact and materif© €Xciting in terms of the potential for operating CW or
experiments are planned or underway to improve the highfith UWB transients.

voltage lateral switch design. These changes are expected t_é_n important consideration f_or tr_anS|er_1t antennas is mini-
ing isstiidging both frequency and spatial dispersion. As demonstrated

increase lifetimes to an acceptable level. Power handling ISSLEI) | ¢ di = i
can be addressed through series-parallel arraying. y Farretal [18], frequency dispersion is most easily over-

System efficiency has become the critical issue in foMe by @ conical TEM horn or a biconic antenna, both of

ture application of the PCSS technology. The requiremeW{1iCh are frequency independent structures which produce

in HPM sources is toward compact, lightweight, and higf‘ﬁp?”ﬁal \;\t/ave fro_r:ti. Ho_\;v_everf,t because of tr;e flgge slze
power sources. This requires that we reduce the size of @i Nigh voltage switches, it is often necessary to add some

the subsystems that make up the source while increasing rective_ lenses to the structure_ to pptimi_ze the quality of
power output. At first glance, this would seem to be the impo 1e spherical wavefront. The spatial dispersion caused by the

sible task; however, improvements in coupling and radiati&?nplanarity of the wavefront can then be corrected with the
efficiency would enhance the output power while reduci se of alens or a reflector. Both of these concepts have recently
rought new standards of performance to the antenna world.

prime power requirements. Compact UWB antenna desig Q

that preserve radiation efficiency and frequency spectrum eTE'VI horn with a polyethylene lens from SNL has been

by far the greatest problem facing compact source design. Sasured to emit a pulse with a FWHM O.f 23 ps [45]. Also,
PCSS device will not survive a poorly designed pulse chargilti ° t.eam. of Farr and Frost have r_ecently bu'l.t and demonsrated
system or an inefficient radiating element. Great care must .%eg"n diameter reflector IRA with a rise time of 25 ps, an

taken to eliminate any excess energy, either stored or reflectod rovement over the 18-in IRA which they had previously

when the PCSS device is entering a high resistance, opser?Wn to radiate a pulse with a FWHM of 35 ps [46]. This
. ) . : corresponds to upper frequency limits of around 20 GHz.
switch state. Neglecting to consider stray energy in the system

after a shot will severely shorten the life of the PCSS devicE. Radio Frequency Lenses

IV. UWB ANTENNAS As pulse rise times get faster, specificatly < 250 ps,
we have found it necessary to include optics as well as
antenna and transmission line theory in the designs of both
For radiating or receiving UWB transients, we need antepulsers and antennas. The materials most commonly used
nas that are specifically designed and optimized for that taskclude polyethylene and polypropylene which have a relative
Ordinary “wideband” antennas will generally not transmit fastielectric constant near that of transformer @i. = 2.3)
transients because they have not been corrected for dispersaomnl are thus optically compatible. Where there are interfaces
As a result, there has been a considerable amount of resedretween two different dielectric materials such as polyethylene
into fast transient antennas in the past five years. There arel air, it is effective to use a Brewster angle to minimize
many articles and technical reports available now and maeflections [47]. Notice in Fig. 6 that the Brewster angle
than a few very impressive antenna designs available. Tégpears as a curved surface since it was designed to match
IRA is one of the best [16]-[18], but there are others that atiee spherical wavefront emanating from the throat of the horn.

A. UWB Antenna Design Considerations
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Fig. 9. Receive step response of a circular conical TEM horn with transmission line extension showing the improved rise time when the lens is included.
Measured rise time is 50 ps with the lens and 200 ps without the lens.

At the AFRL, lenses have been used in several specific New Antenna Concepts
applications. In the IRA, a lens is used at the apex of theSometimes, it is desirable to be able to change the
antenna to correct the astigmatism introduced by the finite si5 mwidth of an antenna. As a result a new variation of
of the gas switch. With t_he lens in place, the wave is correct. e IRA has been created which has demonstrated that this is
to a near-perfect spherical wavefront so that upon reﬂectln%Ssible with a reflector IRA. Called the multipurpose IRA

from the_parabollc surface, it emerges as a plane wave [4 r MIRA, the design achieves the variation of the beamwidth
Focusing lenses are also used at the output of TEM horhs

to correct the nonplanarity of the wavefront (create a plarpg mechanically varying the position of the horn apex with

wave) and, in doing so, reduce the spatial dispersion Whi{:%spect to the focal point of the parabolic refiector [49].

tends to limit the rise time. Fig. 9 shows measured receildd- 11 shows a drawing of the prototype MIRA that was

step response of a circular conical TEM horn over a groufigmonstrated in the summer of 1997. The development is
plane with an aperture radius of 30.5 cm. The lens dimifontinuing. The next step will be to demonstrate that the
ishes the antenna’s dispersion, improving its prompt respon88am can be steered by moving the apex from side to side
The transmission line extension enables the sensor to ¥éth respect to the focal point

curately replicate the incident electric field waveform for a Bigelow et al are developing graded dielectrics using mix-
clear time of 2L/c. The reciprocity principle implies the tures of epoxy and Ti® which can be used to guide fast
antenna, used in transmission and driven by step-functigives around bends without causing dispersion [50]. AFRL
signals, radiate accurate impulsive fields for the same cldaralso working on the development of artificial dielectrics in
time. Fig. 10 is a picture a very fast horn filled with aan attempt to reduce the weight of the lensing material [32].
solid dielectric which is shaped into a focusing lens at the Research in UWB antennas is beginning to have an effect
output [46]. in other areas of the electromagnetics world. The research
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date, several characteristics remain to be examined such as the
amount of cross coupling between antennas and switches and
the effect it will have on switch and trigger circuit operation.
Arrays driven by low-jitter, pulsed power sources such as
photoconductive solid-state switches and small antennas with
wideband characteristics are of interest.

Another exciting area of research is arrays of IRA structures.
Theoretical considerations have indicated that such designs are
feasible [51]. Such arrays would consist of many elements
so that the voltage on any individual antenna is relatively
small. Yet, the characteristic directionality of the IRA and
the uniform response over an extremely large frequency range
would be maintained. With a large number of antennas in the
array, the signal received could be small, or, the transmitted
signal large for the case of an active array. The “IRA Array”
takes advantage of self-complementary principles (symmetry
in design), aperture plane synthesis, gnd< m resistive
terminations to optimize the array’s low frequency response.
An IRA array will make steerable UWB transient emitters a
feasible technology for radar and other purposes that can be
installed on ships, aircraft and spacecraft of the future.

Fig. 10. Fast horn filled with dielectric.

V. CONCLUSION

In the last six years, there has been steady advancement in
oil, gas, and solid-state switched UWB sources and related
technology. We have developed a range of pulsers and anten-
nas that enable us to provide a variety of energies, rise times,
pulsewidths, and radiated waveforms that provide a flexible
range of emission parameters available for experimentation.
Table | indicates the range of this progress in terms of the
figure-of-merit of the UWB source, defined as the peak electro-
magnetic field obtained in the far field, multiplied by the range
at which the field was obtained. The figure-of-merit has units
of voltage. Table | shows data from AFRL sources discussed in
detail in this paper and from SNL [6]-[10], [52] and the Army
Research Laboratory [53]. Table | also gives information about
the antenna used and clarifying comments.

A portion of the research has reached for higher voltages
and shorter rise times until we are now pushing the limits
in material properties. In particular, the dielectric breakdown
properties of insulating materials at these extremely high
voltages and extremely fast rise times are being challenged.
Likewise, with the fast rise times, we are now seeing the high
i i , i frequency loss tangents of some materials show up where they
into nondispersive, UWB antennas has made possible mu\Wére not a problem before.

band antenna designs that offer up tantalizing possibilities forThe high voltage properties of insulators and the breakdown
replacing several individual antennas with one multifunctio, roperties of gases and oils have not been systematically
antenna, thus reducing the space and weight. Likewise, {iGagtigated and documented for very fast rise times. As
p x m concept, which increases the forward-directed, 0W o5t the data available is data gathered for a single
frequency radiation from a small antenna, offers many exciting,yineering application. Generalized models and a thorough
possibilities for reducing antenna size in air vehicles. understanding of the physics do not exist. There is a limited
) database on liquid breakdown [11], [20], [54] that we plan to
D. Technology Challenges in UWB Antennas expand. Through the sponsorship of AFOSR, the AFRL and
Several areas of antenna design offer challenges which mesiiaborating universities have begun a program to fill in this
be tackled in coming years. An important one is that of makirgarameter space.
and demonstrating a compact array of TEM horns. While The future promises many more advances including the
many strides in arraying of UWB antennas have been madeetgentual realization of the full potential offered by our work

Fig. 11. Multifunction IRA.
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in gas switched pulsers and novel antennas. The technolag
we have in hand can substantially increase the radiated field
strength at range from these sources, as we combine mpeg
powerful and highest gain antennas.

Research into more capable photoconductive solid-statél
switches and UWB sources driven by them continues. The ac-
complishments to date by this class of UWB source encourages

further work on switch lifetime and voltage performance.
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