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Experimental 6-GHz Frozen Wave
Generator with Fiber-Optic Feed

J. Bruce Thaxter and Richard E. Bell, Member, IEEE

Abstract— Experimental results from an optically activated 6
GHz frozen wave generator (FWG) test device are presented.
The several system components needed to produce a low-cost
monolithic pulsed power source suitable for large phased ar-
rays are demonstrated. Static electric energy stored in 50 ohm
microstrip transmission lines is released by fast GaAs photocon-
ductive (PC) switches activated by 50 picosecond laser pulses
distributed over fiber-optics. The present device is of hybrid con-
struction, using commercial fiber-optic pigtailed integrated optic
couplers and semi-insulating (S1) GaAs metal-semiconductor-
metat (MSM) photoconductive switch chips bonded into mi-
crostrip. However, exclusive of the laser, the design lends itself to
monolithic microwave and integrated optic techniques especially
at high frequencies. Experimental test results compare well with
circuit simulation predictions, showing that hybrid techniques
introduce negligible parasitic at the design frequency. Lower
resistance PC switches are needed to fully demonstrate the high
power performance capabilities of this type of device.

I. INTRODUCTION

F ROZEN wave generators (FWG’s) have been studied by

a number of workers as a promising microwave source

for short-pulse high-powered applications [1], e.g., wideband
radar. Most of these applications use a few large coaxial lines,
tens of centimeters long, charged to high voltage as energy
storage elements with free space optical laser pulses activating
rather large optical switches. While effectively demonstrating
the exciting possibilities of the new techniques and laying a
firm scientific ground work, the structures used are not easily
extended to low cost fabrication or efficient distribution of
light needed for practical phased array radar applications.

The present work applies these prior FWG techniques
specifically toward use as efficient microwave sources in a
multielement array, The FWG approach promises low-cost
high-power arrays (we use this term for microwave phased
array radiators) with the additional flexibility of pulse coding
and shaping to tailor the spectral energy distribution on a
pulse to pulse basis. Simple microwave circuits consisting
of static energy storage microstrip transmission line segments
and appropriately placed photoconductive (PC) switches may
be located at the surface of the radiating aperture, thereby
avoiding the dispersion and loss encountered by short or
wideband pulses traveling through a long corporate feed. The
static energy is released in a coherent microwave pulse by
timing the closure of the PC switches using picosecond laser
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Fig. 1. Schematic of a five-line segment seriatly connected microstrip FWG
test device with integral low pass bias filters having alternating bias polarity.
See Fig. 2.

pulses in the proper sequence supplied to the array via an

essentially dispersion free and Iossless fiber-optic feed. The
work reported here at 6 GHz uses hybrid techniques, but the
basic design lends itself to further engineering to reduce it to
nearly monolithic form where it maybe made at low cost using
thick film circuits and integrated optics. At higher frequencies,
i.e., 50 GHz where the circuit size is sufficiently small, truly
monolithic techniques may be possible by realizing a few inch
diameter phased array emitting megawatts of peak power.

II. BACKGROUND

A FWG [2] or Hertzian [3] generator can have many

forms. The configuration used in this work is shown in

Fig. 1. A static bias potential (Vb) is established on serially
connected equal length transmission line segments separated
by small PC switches, A plot of line potential (Vb ($, t)) as
a function of distance along the line (z) at t = O describes
the initial “frozen” or static waveform. Here we use a simple
alternating bias potential so each switch must withstand a
voltage difference of 2V~. Simultaneously closing all switches

at t = O results in the formation of a continuous transmission
line allowing discharge of the bias in both directions along the
line. Straight forward analysis of the transient behavior of the
transmission line response shows [4]

V(Z, t) = ;Vb(%, O)(z – wt) + ;vb(~, O)(z + vt) 0)

where w = (LC) – lf2, v is the velocity of the + traveling wave
components and L and c are the inductance and capacitance

per unit length respectively of the transmission line.
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Fig. 2. Progressive discharge of the circuit model capacitors representing a
uniform transmission line having an inital step in potential at to: to< tl< t2.

The dominant frequency of the pulse spectrum (~,-) follows
directly from the frozen wave period, ~ = 2f where E is the
length of the line segment, and the velocity of the traveling
waves

f.= ~ = (LC)-1/2/2&; or # = (LC’)-1\2/2jC, (2)

At 6 GHz, in 50 Ohm microstrip on an alumina substrate, the
A/2 line segments are about 1 cm long.

Physical insight into the creation of the two oppositely
traveling half-height voltage waves of (1) can be gained by
considering the lumped circuit analog of the distributed trans-
mission line impedance for a simple step function waveform
at time to as shown in Fig. 2. Closure of the switch allows
the nearest charged capacitor on the left to discharge into
the nearest uncharged capacitor on the right. The discharge

proceeds until the potential on the left drops to V6/2 and the

potential on the right rises to Vb/2. This cascading sequential
discharge of the capacitance on the left and sequential charging

on the right through the distributed inductance results in the
two counter-propagating half-height wave steps shown at t1

and later at t2.Extending this concept to a double step or
pulse using two switches closing simultaneously results in two
half-height pulses traveling in each direction on the line.

III. MICROWAVEPOWER CONSIDERAmONSOF FWG

Additional important insight can be gained in conjunction

with the circuit based relations of(1) and (2) by stepping back
from the circuit concepts and considering the basic material
properties involved, exclusive of a particulm circuit. A di-
electric medium having a maximum electric field breakdown
strength (Em), volume (V) and dielectric constant (k) will
have a static energy storage capability (Us) of

us==~ 1E . D dV; leading to Us/V = eOkEm2/2. (3)
v

For nominal values of E = Em = 106 volts/meter and
k = 10, as we see from (3), we get a value of 44 Joules/m3
for the maximum stored energy density. If now we “somehow”
arrange to extract this energy in the form of an electromagnetic
wave, the maximum power density (Pa) or rate of energy
extraction per unit area per second is determined by the

velocity this energy travels through the bounding surface,

where v = c/v%, leading to

Pa = (Us/V)v = eOchEm2/2 = 4.4 x 109 Watt/meter’.

(4)

This significant power density, at the emitting aperture, is the
maximum possible and in practice will be greatly reduced by
the “somehow” above, which for the case of our FWG requires
carving up and removing some of the dielectric energy storage
volume to include circuit conductors, PC switches and space
for optical access to the photoconductors. However, even if
only 10% of the volume is used for energy storage we lmay

achieve output power density approaching 44 kW/cm2, or

equivalently 1 MW output from 6 cm (or 2 inch) diameter
aperture.

These insights emphasizing dielectric energy storage rather
than transmission line circuits and lumped PC switches are
presented to relate what we call the “new electromagnetic”

[5], [6] to traditional FWG concepts. With the new technology
static energy stored in slabs or wafers of polarized high permit-
tivity photoconductors, such as Si, GaAs, InP, etc. is radiated
directly into space using short high intensity optical laser
pulses. Various experiments using spatial modulation of either
the electric bias field applied to the photoconductor surface
[6] or of the impinging light intensity [7] have demonstrated
phase matching of the radiation with some directional control
of the radiated beam. No microwave “circuits” need be used,
the conductors only configure the bias field distribution. While
traditional FWG technology is useful up to the hundred giga-
hertz region, the new techniques have been used to generate

terahertz radiation. These considerations are included here to
emphasize the connection between the technologies and point
out the exciting engineering possibilities of combining the
concepts to make electromagnetic sources in the spectral gap at
high gigahertz frequencies using the immense optical power of
modest sized ultrafast solid state lasers [8] capable of terawatt
peak power levels.

Under ideal lossless conditions the peak power of the pulses
(P) traveling out either end from such a capacitative FWG,
shown in Fig. 1, is easily calculated. It is one half the energy
(E) stored at t = O divided by the pulse duration I(T),

or alternatively, the squared amplitude of the voltage wave
(U)/2 divided by the microstrip line impedance (Z.)

P = E/2T; or = V~/4Z0. (5)

Without going through analysis that is published elsewhere
[9], as one might expect the limiting factor on microwave
power, in the case of our serially connected FWG, to be
voltage breakdown of the PC switch gap which sees a potential
difference of 2Vb across a gap made as small as possible to
strive for good switching efficiency. The gap length of our
switches is nominally 100 micrometers and exhibit voltage
breakdown over the surface of the GaAs at about 300 volts.
If operated at a “probably” safe 200 V level, a 50 Ohm FWG
of the type shown in Fig. 1 could produce up to 50 watl.s of
peak power.
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IV. OPTICAL POWER REQUIREMENTSOF FWG

The small gap is necessary to lower the switch ON-
resistance (Ron) to be much less than 20. It is easy to show [9]
that, in the limit of our case where the carrier recombination
time is greater than the optical pulse width (see Fig. 4)

R.. = [hw/e~(q(l – T))EP] * G2 (6)

where h is Plank’s constant, v-optical frequency, e-electronic
charge, ,u-effective charge mobility, q-quantum efficiency, r-
optical reflectivity, Ep-optical pulse energy and G the gap
length.

For a gap length of 10–4 meters and a value of 0.5 Ohms
for ROn, and assuming a value of 0.1 for the (q(l – r))

term, we get a required pulse energy of approximately 0.1

microjoule for each PC switch, at an optical power density of

10 Mw/cm2 for a 50 ps pulse. ROn must be much less than

the microstrip line impedance to allow efficient discharge of

adjacent line segments, minimizing the potential drop across

the PC switch and maximizing the output voltage. Switch

resistance comprises the photoconductor gap resistance plus
the contact resistance of the metal/semiconductor interface.

The number of cycles possible, N, and upper frequency
capability of a FWG are determined by the requirements on
optical power, optical pulse width, and switch closure and
opening time, We chose to build a six switch test device as

a technical balance between a short wideband pulse (signal
bandwidth proportional to I/IV) and high pulse energy (pro-
portional to N). The five-cycle pulse which distributes energy
into 20910fractional bandwidth, is short enough to providing
good radar range resolution. It also has enough cycles to allow
fitting experimental results to the circuit model simulation
to derive active switch characteristics. However, more cycles
would require lower switch insertion loss and lower internal
reflections to avoid waveform distortion.

To produce a faithful replica of the frozen wave our serially
connected FWG requires all PC switches to close simultane-

ously in a time interval short compared to half a cycle of the
FW and remain closed until all cycles of the pulse travel out of

the device. Hence, for a five-cycle pulse at 6 GHz, closing time
of much less than 80 ps and a closed interval of at least 800
ps are needed. The closing time for a linear PC switch follows
the optical excitation closely and is not much longer than the
full width at half maximum (FWHM) of the laser pulse. After
the light pulse ends, the closed interval will be determined
primarily by the carrier lifetime of the semiconductor which

for S1 GaAs is of the order of a nanosecond [10]. Experimental
measurement of one of our S1 GaAs switches, shown in Fig. 4,
was done by switching out the voltage from a long uniformly
charged 50 Ohm coaxial line. We see the rising edge in about
100 ps, which in this case is about the FWHM of the laser
pulse, and the switch remains closed in the sense that it
continues to switch out the charged lines voltage for about
one nanosecond.

V. FABRICATION OF FWG

The microstrip energy storage lines with integral low-pass

bias filter were designed using SUPER COMPACT [TM].

Fig. 3. Modular 6-GHz FWG test device. The microstrip line sections one
centimeter long, seen as a line running down the center, are ribbon bonded
to one millimeter square GaAs chips having a one hundred micrometer pho-
toconductive gap. Narrow lateral lines with fan-shaped radial stubs comprise
the low pass bias filter.

Fabrication was done commercially using thick film gold
metalization on 0.25 mm alumina substrate with a gold ground

plane. The design as seen in Fig. 3 is routine, having a quarter

wave high impedance line and radial stub which is then
connected to a square contact pad. Although, as seen from (5),
for a given bias potential more power is generated with low
impedance storage lines, we use 50 Ohm lines, both for ease
of directly coupling to 50 Ohm measuring equipment and also
satisfying the requirement that, for efficient switching, the on-
state of the PC switch RO. <<20. S-parameter measurements
of a single section of storage line with low-pass filter are
shown in Fig. 5. The performance of the bias filter is seen
to be adequate for the 2070 fractional bandwidth needed for a
five-cycle pulse. Storage line segments and GaAs PC switch

chips are soldered to individual brass carriers which in turn are
mounted on two steel drill rods with a central bolt as shown in
Fig. 3. Coaxial to microstrip end carriers are added and finally
the PC switches are ribbon bonded, to complete the microwave
circuit. This modular approach turned out to be somewhat
cumbersome, but was chosen for the test fixture to allow easy
testing and replacement of parts because of expected difficulty
making a single large six switch, five line segment device.
Meaningful S-parameter measurements of the complete FWG

are not possible because in the off-state S11 is near one, and the
PC switches cannot be held in the on-state for more than about
one nanosecond. Further tests of the device, described below,
rely on fitting experimental measurement of the FWG output
waveform to a simple P-SPICE [TM] model from which the
switch ON-resistance and line losses can be determined and
the internal impedance discontinuities can be inferred.

VI. FIBER-OPTIC FEED

Optical excitation of a PC switch requires a pulse energy

of nominally one microjoule to drive the ON-resistance to

be less than one Ohm, needed for good switching of a 50
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Fig.4. hlseresponse of GaAsswitch to30psopticd pulses. The rise time
(closure) is determined largely by the activating opticat pulse width while the
decay time (opening) is determined ltugely by intrinsic carrier lifetime of the
GaAs semiconductor.
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Fig. 5. Scattering parameters of microstrip line with low pass bias filter. The
0.4 dt3 insertion loss, shown in (a), was acceptable, but higher than expected
from circuit simulations, Our tive-cycle pulse requires the 20% fractional
bandwidth shown in (b) for S11 MAG at –20 dB.

Ohm line. This follows from (6) which is valid for the
regime of carrier recombination time much longer than the
optical pulse width, which is approximately true for our
SI-GaAs material [10]. We use a 10 Watt QUANTRONIX
[TM] Nd:YLF (416) modelocked, Q-switched, pulse-picked,
frequency-doubled laser to produce about 3 mW average
power of 0.527 pm green 50 ps pulsed light at about 500 Hz
repetition rate. This corresponds to about 5 microjoules total
pulse energy at a peak power of about 100 kW. After six-
way power splitting and allowing for at least a few dB optical
insertion loss, the upper limit of power density available at
each PC switch will be less than 100 Mw/cm2, which is below
the damage level of GRAs.

EEElt

L!EL? IR

Fig. 6. Schematic overview of the optical setup. We measure only the signal
wave traveling out one end of the FWG. The wave traveling in the other
direction is absorbed in the matched load.

Distribution of the optical pulse energy and accurate posi-

tioning and sizing of the light spot on the six approximately
100 ~m wide PC switch gaps can be done many ways.

The method we demonstrate here, shown in Figs. 6 and 7,
uses fiber-optics (FO) having a 1:6 fanout coupler and small
spherical lenses to image the FO output onto the switch gap.
The FO coupler is a Corning Photocor [TM] MGC 6010 with
SDF [TM] pigtails of 100/140 ~m (core/cladding) multimode

fiber. For our optical pulse width and the short length of
fiber used (about one meter) the total dispersion in the fiber

does not cause measurable pulse broadening. Peak power
density incident on the FO input pigtail is approximately
109 Watts/cm2 which is near the damage threshold for silica.
One must be careful coupling this large pulse into the FO. On
one hand we want as much power as needed for efficient low
resistance switching, but on the other hand neither accumulated
nor catastrophic damage to either FO or integrated coupler
can be tolerated. A straightforward technique to decrease

possibility of damage is to scramble the single mode la~ser
beam before it enters the FO input facet. This costs little in
power budget since the optics can be arranged to place nearly

all the light onto the rather large 100 pm diameter FO core

of the coupler input pigtail. Once in the multimode FO, even
if single mode upon entry, the light would be scrambled after

going only a short way. We made a random phase or scatter
plate by etching a microscope slide in hydrofluoric acicl to
mildly scatter the single mode beam. All the scattered lighlt is
then collected by a simple piano convex lens which images
this scattering object onto the 100 ~m FO core while keeping
the light within the acceptance angle of the FO.

Proper operation of the FWG, as we are using it, requires
all six PC switches to turn ON simultaneously to within a

small fraction of the 166 ps period of the 6 GHz pulse or
within about +5 ps. Therefore the optical path length through
all six FO must be equal to within about +1 mm. The optical

path length differences were measured using an optical carrier
frequency from an Ortel, 0.85 pm wavelength, semiconductor
laser modulated at 1.5 GHz by the Port-1 output signal of art
HP 8510 automatic network analyzer. The FO coupler was the

DUT whose output was demodulated by a photodiode coupled
to Port-2. The FO input pigtail was spliced to the laser and
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Ball joint

GaAs chip

F1g.7. Detail ofoptical coupling of fiber toPC switch. Three dimensional
movement of fiber end allows imaging the fiber output facet onto the switch
gap without fear of mechanically damaging the gap area.

the six individual output fibers were successively measured in

phase length and cut. The RF period at 1.5 GHz is 666 ps

resulting in measurement sensitivity of 1.85 ps per degree of

phase. Tlhe largest spread in phase of 6.5 degrees, for all six
FO, corresponds to 12 ps and was deemed adequate.

For FWG operation the six output fibers are coupled to the
PC switches using 5 mm diameter ball lenses to image the
FO end onto the switch gap, as shown in Fig. 7. The end
of the FO, mounted in a standard ferrule, is positioned about
2j from the ball lens, which in turn is about 2~ above the
switch gap. The ferrule slides in nylon ball joint to allow three
dimensional positioning of the FO image onto the switch gap
at a magnification ratio near one.

VII. EXPERIMENTALRESULTS

The complete FWG test fixture with FO inputs, shown
in Fig. 8, while definitely not monolithic and very hardware
intensive, works well as a first test device. Much of the
hardware shown is used coupling the light safely to the small
PC switch. However, use of FO lines hereto conduct the light
is a convenience and the power splitting in the fan out coupler
uses integrated optic waveguides which is a planar monolithic
technique. We feel that combining integrated optics directly
with monolithic microstrip can in principle produce a truly
monolithic FWG that can be mass-produced at low cost. This
approach also takes advantage of the immense power now
becoming available from compact efficient solid state lasers
capable of generating the picosecond trigger pulses required.

The measured RF output waveform, shown in Fig. 9(a),
is observed directly through a wideband attenuator using a
Tektronix [TM] 11802 sampling oscilloscope with a SD-24
preamp. The bandwidth of the system is limited to about 5
GHz by the oscilloscope delay line. The first two complete
cycles are clearly seen with a period of about 180 ps. The
expected waveform should be two and one-half cycles formed
by the five sections of charged microstrip line. However, upon
close examination of the device after the measurement, the
bond wire connecting the fifth PC switch was found to be
open. Comparison of the experimental results with a simple
P-Spice [TM] simulation, shown in Fig. 9(b), using lossless

Fig. 8. Complete modular FWG test fixture. The vertical rods are ferules
holding the opticrd fibers seen protruding from their lower ends. Below the
fibers are seen the tops of the ball lenses which are mounted over each PC
switch in the microwave fixture (which is shown by itself in Fig. 3).
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Fig. 9. (a) Performance of experimental FWG compared with (b) simple
SPICE [TM] simulation. The switches in the simulation are considered as
lumped, time dependant, resistors connecting ideal transmission lines without
bias filter parasitic.

transmission lines and resistive switches, with the fifth switch

open, shows good agreement with the test data. Best fit is

found for a switch resistance of ROn of about 30 Ohms. The
small upward peak about 400 ps after the beginning, in both
the data and simulation is evidently the end of the forward
going wave. The subsequent waveform is from the backward
wave reflected at the open circuit bond at the fifth, switch.
The waveform fit is quite remarkable considering that for the
simulation one assumes all switches are equal resistance.

We were unable to improve the performance data of this test
device over that shown in Fig. 9(a) even after the open bond
wire was repaired. The primary problem was the inability to
reduce the switch resistance below about 30 Ohms even with
increased optical intensity. This limiting resistance is likely
due to the contact resistance of the gold contacts and the semi-
insulating GaAs. In attempting to improve the wave shape and
output voltage by increasing light power several switches were
damaged. Further iterations of this FWG using redesigned PC
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switches would be interesting, but is not being pursued at this

time.

VIII. SPECIAL CONSIDERATIONS FOR USE IN PHASED ARRAYS

Use of FWG techniques in arrays offer several advantages
including distribution of the electrical stress over many low
power switching elements rather than depending on one high
powered switch device. Also important is the ability of com-
bining microwave power by beam forming in space rather than
using complex and costly microwave circuit junctions. Both
pulse shaping and array element phasing are done by routing
and timing the optical trigger pulses incident on the many PC
switches. This,in principle, gives a great degree of control of
the microwave radiation, both spectrally and spatially, if the
appropriate electrooptic (EO) control components are available
for the fiber-optic feed. Although rapid advances are being
made in this general area for optical communications networks,
the relatively high-power EO components needed for an array
feed are still in their infancy.

Underlying much of the renewed interest in FWG and re-
lated techniques is the rapid emergence of powerful picosecond

all solid state lasers capable of generating sufficiently high
peak power to afford distribution over the thousands of PC
switches required in a modern phased array. For low cost
phased arrays it is almost necessary to have simple circuits
capable of being mass produced in as nearly monolithic form
as possible.

IX. CONCLUSION

We conclude from this work that in the 6 GHz frequency
range a hybrid thick film microstrip circuit with ribbon bonded
GaAs PC switches performs as predicted from circuit sim-

ulation with negligible parasitic. Further, it is shown that
activation by 50 picosecond optical pulses, even when fed
through a multimode optical fiber power splitter, provides
sufficiently fast rise time to faithfully produce the simulated
microwave waveform. The modular test fixture design used
allows imaging and positioning the fiber-optic outputs simul-
taneously onto the six PC switches, with micron accuracy,
without fear of mechanically damaging the switches. Further
work on the design of lower resistance PC switches is identi-
fied as the key to developing a truly practical FWG microwave

pulsed power source.
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