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Generation of High-Power Broad-Band
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Abstract —A single-picosecond GUAS photoeonductive switch (PS) is

used to pulse excite a microwave resonant cavity, tfms generating a variety

of RF waveforms with picosecond synchronization. Tbe length of the

transmission line that connects the photoconductive switch and the cavity,

and the strength of input/output cavity coupling elemeuts provide for

continuous varkltion of the frequency distribution of the generated RF

power. The generation of over 7 kW, the peak-to-peak voltage over 1.2 kV,

of broad-band microwave bursts is demonstrated.

I. INTRODUCTION

I N THE LAST few years, there has been great interest

in the generation of coherent microwave pulses using

ultrashort optical pulses [1]–[7]. These techniques use opti-

cal pulses to trigger photoconductive switches, thus allow-

ing picosecond synchronization of the generated mi-

crowave pulses. Mourou et al. [1] used an optoelectronic

switch, within a coaxial line connected to an X-band

waveguide, to drive an X~band dish-type antenna. They

also improved this technique by generating short pulses in

a coaxial line system that fed a Hertzian dipole antenna

[2]. Heidemann et al. demonstrated the generation of mic-

rowave pulses by optically triggering a photoconductive

switch holding dc voltage across a tapered slot-line an-

tenna [3]. More recently, DeFonzo et al. used a similar

scheme to generate and detect millimeter waves [4].

Mooradian generated microwave radiation, from optoelec-

tronic switches, by spatial time-division multiplication of

the repetition rate of mode-locked laser pulses [5]. In our

laboratory, Chang et al. demonstrated the generation of

high-voltage sequential waveforms using the concept of

frozen wave generation [6], and Sayadian et al. demon-

strated the generation, multiplication, and shaping of ul-

trashort variable-width high-voltage pukes [7]. The latter

work utilized parallel charging and series discharging

methods, and used two photoconductive switches only

(one GaAs and one Si) to generate and continuously shape
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nano/picosecond electrical pulses with over 100 kW of

output peak power.

In general, it is desirable to use a small numb& of

photoconductive switches in obtaining the highest voltages,

so as not to overtask the triggering optical pulses. Earlier,

we demonstrated conversion of dc energy to single-

frequency RF energy, albeit at low voltage add power,

using a single photoconductive switch and a coaxial reso-

nant cavity [8]. In this paper we demonstrate the versatility

of this technique. Among the different RF waveforms

generated, we have produced broad-band microwave pulses

with over 7 kW of peak power.

In Section II, we present theoretical considerations con-

cerning photoconductive switches. Section III describes the

experimental system used. Discussion of the results is

given in Section IV. Conclusions are presented in Section

V. In the Appendix we develop general relationships be-

tween the frequency distribution of the power for monopo-

lar, dipolar, and multiplexed dipolar pukes.

II. THEORETICAL CONSIDERATIONS

The field of photoconductive switching was created When

Cr:GaAs was used to observe nanopicosecond laser pulses

[9], and Si was used to switch, gate, and sample voltage

pulses in a microstrip line [10]. Over the course of a

decade, various workers have sho~ the immense applica-

bility of picosecond photoconductive switches [11].

In Fig. 1 we show the schematic of the elemental photo-

conductive switch (PS) and the equivalent electrical circuit.

The gap capacitance Cg is due to the fringing fields associ-

ated with the discontinuity in the electrode (i.e., the gap).

The value of Cg is of the order of 50 fF [12], G(t) is the

dynamic conductance of the PS and can be written as

G(t) = G&.k + g(t ), where G&k iS the dark conductance
and g(t) is the conductance due to the photogenerated

carriers (generally g(i) >> Gdwk). The on-resistance of the

PS is given [13] by

ROn=~2Zik/[e@l,(l - r)]

where 1 is the length of the PS, Eh is the energy of a single

photon, EL is the energy of the laser pulses, p is the

electrical mobility of the carriers, and r is the optical

reflectance of the PS material. The laser pulse energy
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Fig. 1. (a) Schematic of the elemental photoconductive switch arrange-
ment. (b) Equivalent circuit of (a).

required to achieve ROn=1 Q, for 1 mm of PS gap length,

is of the order of 2 pJ for GRAS and 10 pJ for Si. The

difference between GRAS and Si stems from the difference

in their carrier mobility. Note that ROndepends on the

square of the gap length, and that the width and thickness

of the PS do not affect R .n.
The ultimate speed of response of the PS is limited by

the dielectric relaxation time (femtoseconds) of the photo-

generated carriers. However, the presence of gaps causes a

much slower response time. The combination of Cg, G(t),

and 20 results in a charging circuit configuration which

will degrade the rise time of electrical pulses that are

triggered by the laser pulses. This effect can be seen by

considering the idealized case of a step function G(t):

{
G(t) = )1, t<o

t>o.

The output voltage is then given by [14],

2ZOG1
Vout= ~ o

2 1+2ZOG1
. [1-exp (- t/R.q@] (1)

where

11
—=— 4 c.
R 220 ‘ “1”

[Equation (1) shows ~~at two different regimes of PS

operation exist; namely ZOGI <<1 and ZOGI >>1. If ZOGI

<<1, then the rise time of the electrical pulse is 2 ZoCg

(usually several picosecond) and the magnitude of V&, is

ZOGIV~. This case is used in generating picosecond electri-

cal pulses, through the use of very low mobility PS, albeit

at very ‘low-voltage output efficiency. If ZOGI >>1, then the

rise time is Cg/Gl (subpicoseconds), and the magnitude of

VOU,saturates at V&/2.

The second case, ZOGI >>1, is the regime in which

high-voltage generating PS work. Note that in this case the

limitation of Cg/Gl on the rise time reduces with increas-

ing G1. In reahstic situations, the PS is triggered by a laser

pulse with a rise time of 5-10 ps. Since the rise time of the

electrical circuit is a fraction of a picosecond, the electrical

rise time follows the optical rise time. The electrical fall

time, on the other hand, depends on the recombination

time of the photogenerated carriers. In the absence of

further optical excitation, carrier recombination causes the

carrier density to reduce. Consequently, Gl(t) reduces in

time to G~a~. The reduction in the carrier density is given

by n(t)= noe – l/tr”c, where t~ecis the carrier recombination

time. Hence, Gl(t) a e- */frec. Equation (1) was obtained

for constant G1. However, if we are to consider slow

variations (tree >> 2ZOCg/1 + 2ZOGI is true in general for

significant VOUt)then P& = V~/2(2ZOGl/l + 2ZOGI). Note

that transients associated with Cg will disappear well be-

fore GI changes in any significant amount. As Gl(t)
decreases, the PS operation will pass from the first case to

ZOGI = 1 and then ZOGI <<1, where VOUta Gl(t)ae - ‘/~rec.

This asserts the remark about the fall time of electrical

pulses.

The rise and fall times of electrical pulses have impor-

tant consequences on the frequency distribution of the

power. If we approximate the generated electrical pulses

by

{

Jfow(t/t), t<o

‘(t) = Voexp(–t/t})~ t>o

where t;<< t;,and t;,t; denote the rise and fall times,

respectively, then

[V((d)l=vo
(l+t;/’t;)

[(l/t;+ w;)’+ 0’(1- tyt;)’]’”

~
~

[(
2

)]

1/2 “

I/t} + u%; + (/.)2

In Fig. 2 we show IV(U) I as a function of a for different

t;, when t; = O. Note the significant difference at low

frequencies, while high-frequency components are the

same. In Fig. 3 we show IV(Q) I for different t;,and

t; = 0.2 ns. In this case the high-frequency components

differ significantly, with the shorter rise-time pulse having

higher frequency components. Hence, shorter rise-time op-
tical trigger pulses generate high-frequency microwaves

more efficiently.

The two materials most widely used as high-voltage

(HV) PS are GRAS and Si. GRAS has a high dark resistiv-

ity, hence it is not prone to thermal runaway due to HV dc

bias. However, photogenerated carriers recombine in about

-5 ns in pure GRAs, and in -200 ps in Cr:GaAs.

Consequently, GRAS is not ideal for the generation of

pulses longer than -5 ns. Workers have utilized the HV

dc holding capability of GRAS and had to cope with its

disadvantage [15]. Si, on the other hand, is ideal for

microsecond electrical pulse generation and shaping be-
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Fig. 2. IV(U) Iversus u for different t;, tj = O.

cause of its long carrier lifetime (1 –100 ps). Unfortunately,

it has a low dark resistivity, and thus is prone to thermal

runaway. Workers have gotten around the low-voltage

hold-off capability of Si by either pulse biasing the PS or

operating at low temperature [15], [16]. We have used both

GaAs and Si in a scheme where the advantage of GRAS is

realized in holding HV dc bias, and the advantage of Si is

realized in electrical pulse shaping and cle”kning [7]. The

penetration depth of optical radiation in semiconductors

depends on the wavelength. For HV PS operation, one

should use a laser wavelength that results in the deep

penetration of photons into the PS. This avoids very high

current densities at the surface and thus does not damage

the PS. We use radiation at 1.06 pm, where penetration

depth of millimeters in Si and GaAs is realized, instead of

0.532-pm radiation with penetration depths of microns

[17].

III. EXPERIMENTAL SYSTEM

A schematic of the experimental arrangement is shown

in Fig. 4. Coaxial slotted lines were used as quarter-wave

resonant cavities. Specifically, a 25-cm-long HP slotted

line cavity, resonating at 300 MHz, and a 9-cm-long home-

made cavity, resonating at 1 GHz, were used. These reso-

nant frequencies are for high-Q operation of the cavities.

An active–passive mode-locked Nd:YAG laser is used to

generate -1 mJ of 1.06-pm radiation, with 100 ps

pulsewidth and a repetition rate of 1 Hz, to trigger the

bulk GaAs PS. The performance of the GaAs PS’S were

tested, under dc biases of up to 4 kV, with 1.06-pm laser

pulses for several thousand consecutive shots without any

observable degradation in performance.
A high-voltage power supply charges the coaxial line Cl

to 2.5 kV. The center wire of Cl is joined to that of the

coaxial line Cz through the GRAS PS. C2 is connected to

the resonant cavity through the input coupling element Al.

Coupling element Az is the output port. Cl and Cz were

type RG-58A/U with ZO = 50 Q Activating the PS by an

O 025

0 020

0 015

0 010

0 005

0,000

fi=ozns

P“-’=_\\
20PS

50PS

,’F
46810 12141618 20GHZ

Fig. 3. \V(o) I versus w for different fj, t;= 0.2 ns.

Cavity

Fig. 4. Schematic of the experimental arrangement. Cl is the coaxial
charge line. C2 is the coaxial line, initially uncharged, that connects the
photoconductive switch S to the cavity. ,41 aud AZ are input/output
coupling elements.

optical pulse generates a rectangular (monopolar) electric

pulse of width equal to twice the electrical length of Cl.

The magnitude of the monopolar pulse will be half the dc

charged voltage at most, since Cl and Cz have equal

characteristic impedances. The monopolar pulse is trans-

mitted through Cj and incident on Al, thus exciting the

resonant cavity. The generated microwave pulses are ex-

tracted through the output coupling element A ~. A l-ns

rise-time storage scope is used to observe the generated

pulseforms. A homemade n attenuator, with a bandwidth

of 1 GHz, is used to reduce the magnitude of the pulses.

In Fig. 5 we show a typical monopolar electric pulse

( =1.25 kV in magnitude and 2 ns in duration) used to

excite the cavities. This was measured by connecting Cz to

the scope through the attenuator. The limited bandwidth

of the attenuator makes it appear inductive to the sharp
rise and fall of the pulse. This causes the sharp edges of the

monopolar pulse. Two important and useful parameters

that control the waveform, and hence the frequency distri-

bution, of the generated microwaves are 1) strength of the

coupling provided by Al and A2, and 2) length of the

coaxial line Cz connecting the PS to Al.
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I

Time ( 4 ns/div )

Typical monopolar electric pulse used to excite the cavities. The.
pulse is generated by optically triggering the I.%

The experimental concept has some similarity to previ-

ous work by Ristic and Sorensen in the generation of

microwaves by spark-gap cavities [18]. However, the differ-

ences have significant consequences. For example, PS op-

eration yields picosecond rise times, as compared to the

nanosecond rise times in spark-gap operation. Also, PS

allows complete synchronization with other optically con-

trolled apparatus, as compared to several nanosecond jitter

for spark-gap operation. Furthermore, PS as an external

element affords an extra degree of freedom (length of Cz)

in controlling the generated microwaves.

IV. RESULTS AND DISCUSSION

In Fig. 6 we show the effect of coupling (Al and A2)

and the length of C2. The generated waveform is due to

strong coupling at Al and A2 using the 300-MHz cavity. A

strong coupling is obtained by directly connecting the

center wire of an input–output coaxial line to the center

wire of the coaxial cavity. This kind of coupling loads the

cavity heavily. The generated waveform can be explained

as follows. Some of the incident voltage pulse on Al

excites the cavity, while some is reflected with a change in

sign (since the effective impedance of Al is less than the

characteristic impedance of Cz). The reflected pulse suffers

an open-circuit reflection at the PS (thus keeping the same

sign) and is incident on Al, repeating the above process.

The ratio of the magnitudes of successive pulses depends

on the coupling strength, and is expected to be constant.

The time between successive pulse excitation is expected to

be twice the travel time in Cz (== 20 ns in this case). The

measured ratio of the magnitude of successive pulses is

0.64 +0.03. The separation between successive pulses is

18.4 A 1 ns in good agreement with the round-trip length of

Cz. The width of the pulses at the base is = 6.3 ~ 0.5 ns.
Note that the first dipolar pulse has a peak-to-peak voltage

+

Time ( 10 ns/d]v )

Fig. 6. Successive dipolar microwave pulses generated using the 300-

MHz cavity with strongly coupled .41 and AZ and 20-ns-long C2.
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Fig. 7. Successive dipolar microwave pulse generated using the 1-GHz

cavity with the intermediate coupling and 5-ns-long Cz.

of = 1.2 kV, and that the peak power is over 7 kW. The

energy conversion efficiency, including the reflected pulses,
is over 50 percent.

In Fig. 7 we show the effect of changing the couplings

and the length of Cz. Intermediate coupling (loop antenna

for Al and strong coupling for Az) is used to excite the

1-GHz cavity, together with a 5-ns-long Cz. Note the

relatively larger voltages of the reflected pulses due to the

weaker coupling at Al.

In Fig. 8 we show the waveform generated by the 1-GHz

resonator with strong couplings and = 0.5-ns-long Cz.

Note that the width of the generated single dipolar pulse is

larger than the period of the resonance frequency. There

are several reasons for this, the most important of which
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Single dipolar microwave pulse generated using the 1-GHz
cavity with strong coupling and =0.5-ns-long C2.

are: a) thenonzero(O.5 ns) time shift between the(succes-

sive) added microwave pulses, b) the loading of the cavity,

and c) the finite rise time of the scope. The waveform

generated by the 300-MHz cavity in a similar situation is

shown in Fig. 9.

The generated microwave forms, Figs. 6-9, are of a

wide-band nature. It is important to know the frequency

distribution of the power in these waveforms. For simplic-

ity, we assume that the waveforms are rectangular. The

Fourier transform of a monopolar rectangular pulse (simi-

lar to Fig. 5) is

{

2 V.
v(u) = – — sin(~tO/2)

7ru
(2)

where VOis the height of the pulse and tO its duration. The

Fourier transform for a single dipolar rectangular pulse

(similar to Figs. 8 and 9) can be shown to be (see the

Appendix)

r2 V.
v(o) =2 – — sinz ( WO/4)

7ru
(3)

where to is the period of the single dipolzir pulse. The

Fourier transform for a succession of single dipolar rectan-

gle pulses (similar to Figs. 6 and 7) can be shown to be (see

the Appendix)

{
2 ‘[sin2(~to/4))[1- aexp(itit,)]” (4)v(o) =2 –
lTa

where a is the ratio of successive pulse amplitudes (a is
negative for out-of-phase successive pulses as in Fig. 6),

and t, is the temporal separation between them. The

frequency distribution of the power is proportional to the

square of the magnitude of the Fourier transform, i.e.,

P(u) al V(a )12.In Fig. 10 we show the frequency distribu-

tion of the power corresponding to (2)–(4), with the areas

nr’’v’!

I /

4

Time ( 2 ns/div )

Fig. 9. Single dipolar microwave pulse generated using the 300-MHz
cavity with strong coupling and = 0.5-ns-long Cz.
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Fig. 10. The power spectrum corresponds to equations (2)-(4),

to = 1 ns, t. = 3 ns, a = – 0,64. Dashed-dotted line is for a rnonopolat

pulse. Dashed line is for a dipolar puke. Solid line is for a multiplexed

dipolar pulse. The areas are normalized.

normalized. Note that the monopolar pulse has most of the

power in low-frequency components, and that the power in

the dipolar pulse peaks at - 0.75/1., i.e., high-frequency

components are present with significant power levels at the

cost of low-frequency components. Hence, the use of dipo-

lar pulses instead of a monopolar pulse is more efficient

for high-power, high-frequency microwave generation. The
consequence of multiplexing the dipolar pulse by succes-

sive reflections is to squeeze the power into a small num-

ber of frequency bands. The center frequencies and the

bandwidth are controlled by strength of the couplings (a)

and the round-trip length of Cz (I,). The bandwidth

has narrowed from -1 GHz for a single dipolar pulse to-.
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Fig. 11. Microwave generation using the l-GHz cavity with weak cou-
pling and 5-ns-long ~. (2 V/vertical div., 10 ns/horizontal div.)

-50 MHz, in each band, for the multiplexed dipolar

pulse. This method of high-power microwave generation,

where the frequency can be modulated, lends itself nicely

to communication and radar applications. As shown in the

Appendix, these observations are not unique to rectangular

pulses, but are true in general for any pulse shape that is

symmetric about a point.

Finally, a relatively high Q factor is obtained for the

cavity when the coupling is weak (loop antennae for Al

and A ~). In this case the triggered electrical pulse excites

the cavity at its resonant frequency through Al, while Az

allows the extraction of the generated narrow-band mi-

crowaves. In Fig. 11 we show the observed waveform for

the 1-GHz cavity when Cz is = 5 ns long. Note that over

100 mW of 1-GHz RF is generated, with an estimated

bandwidth of less than 10 MHz. In this mode of operation

(weakly coupled), the cavity acts as a bandpass filter. The

modulated envelope is due to beating between the cavity

resonant frequency and multiples of the length of Cz. The

shallow modulation of the envelope is caused by the rela-

tively long lifetime of the PS ( -5 ns). This smears the

effective length of Cz and hence affects the beating with

the cavity resonant frequency. In Fig. 12 we show the

observed waveform when a short lifetime PS (Cr: GaAs) is

used. Note the deep modulation o’f the envelope.

V. CONCLUSIONS

We have shown the versatility of microwave generation

through the excitation of a resonant cavity with high-volt-

age pulses, triggered by a Single photoconductive switch.

The generated high-power RF waveforms include single

wide-band frequencies (dashed line in Fig. 10), multiple

narrow-band frequencies (solid line in Fig. 10), and nar-

row-band cavity resonant frequencies (Figs. 11 and 12).

Scaling the power and frequency of generated microwaves

to higher values is straightforward. This can be achieved

by using a longer PS (so as to hold a higher voltage) and a

shorter optical trigger (so as to generate higher frequency

microwaves). We are in the process of implementing this.

This technique of high-power synchronized microwave

generation is expected to find important applications in

Fig. 12. Microwave generation, using Cr:GaAs and 0.53 mm laser

trigger, in a stripline resonant structure biased at 45 V.

communication and high-resolution phased-array radar

operation.

APPENDIX

In this section, we develop the relations between the

frequency distribution of the power for monopolar, dipo-

lar, and a series of (i.e., multiplexed) dipolar pulses. On

general grounds, we will show that while a monopolar

pulse has significant power in low-frequency components,

the dipolar pulse will have much smaller power in these

frequencies. Instead, the dipolar pulse has significant power

in frequency components near the inverse of the cycle

period. Furthermore, a series of dipolar pulses will have its

power distributed in a number of narrow-band frequen-

cies. The center and width of these bands depend on the

envelope of the series and the separation between the

individual dipolar pulses.

Monopolar pulses to be considered have the following

functional form:

LV(ltl), –to<t<t~
v(t) = o

pl>to.
(Al)

The Fourier transform gives the frequency components

V(u) =v(a, to).

The frequency distribution of the power will then be

P(u) alV(ti)12. We note that V(~s O) aA and P(ti=

O) ~ A2, where A is the amplitude of V(t). This follows

from the symmetry of V(t) and t = O [19]. Indeed, the

cosine-like form of V( u = O) for a monopolar pulse (which

makes V( a + O) ~ A) and the finite power in the pulse

(which makes the envelope of V(o) decrease monotoni-

cally with frequency) lead to an absolute maximum of

V(u) at 0=0.

If the axis of symmetry is shifted by t,, then the fre-

quency distribution of the shifted voltage pulse V,(a, tO)
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can be related to that for the unshifted voltage pulse Vu,

(@, to):

~(a, to)= &J:mv(lt-tsl)exP(iut)dt

——
‘Xpgts) Jm J“(lt-tsl)

—w

.exp[iu(t –t,)]d(t– t,)

——
‘Xpgts) Jm ~(ltl)

—03

. exp (id’)dt’

where

t’=t–l,

hence

~(u, tO)=VU~(u, tO)exp(iut~). (A2)

Note that this relation holds for any V(t). Furthermore,

changing the width of the pulse from t8 to m ~byields

J“(6J,t8) =v(@, rnt8). (A3)

Next, we consider a dipolar pulse formed from two

monopolar pulses. The general form considered is

[

J“(It+ to/21), –to<t<o

v(t) = –v(p- to/21), O<t<to. . (A4)

o, It!>to

Using (A2) and (A3) one finds the relation between a

&polar pulse Vdpand that of a monopolar pulse Vmp,given

by (Al), to be

‘~p(a> ‘0) = V~P(@, to/2)[– e’@~O/2+ ~-J~b/2]

which can be written as

Vdp(tO,to) = 2Vmp(u,to/2) sin(tito/2) (A5)

where a constant phase factor has been suppressed. Note

that Vdp(u) is sine-like for u -O. This is to be expected,

since (A4) is an odd function about t = O [19]. Conse-

quently, Vdp(u, to) = O for o = O. Furthermore, the form

of Vdp( u, to)and the finite power in the pulse lead to an
absolute maximum at w - T/to.

Finally, we consider a series of pulses given by

v(t) = ~ a“~p(t–nt.) (A6)
~=()

where Ia I <1, and V,p(t – nt,) is the functional form for a

single pulse (independent of n). Using (A2) one finds that

‘(@)=Kp(~)/[l–ae’u’s]. (A7)

Note that the denominator in (A7) modulates the band-

width inherent in V~p(u). The effect of the modulation is

to redistribute the power in narrow bands of frequencies

within the original bandwidth.
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