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A IWract — Progress in the application of ukraf ast optics to microwave

and millimeter-wave technology using picosecond photoconductors is re-

viewed. The generation, control, and characterization of both pulsed and

CW high-frequency waves using a frozen wave generator, an impulse

excited resonator, and a spectral filter are presented. A time-domain

network analyzer which uses optoelectronic techniques for on- wafer mono-

lithic microwave and millimeter-wave integrated circuit measurements is

described.

I. INTRODUCTION

R APID ADVANCES in both microwave and optical

technologies make it possible to integrate them to

form a new class of devices that can perform high-

speed/high-frequency electronic functions. With the ad-

vent of femtosecond lasers, we envision such devices to

work in the picosecond time domain. This new technology,

which combines the fields of optics and electronics, is

referred to as picosecond optical electronics. The link for

these two fields is picosecond photoconductivity.

The ideas of using the photoconductivity effect for the

control of microwave solid-state devices have been of great

interest to the microwave community recently. For exam-

ple, optical control of IMPATT [1]-[3], TRAPATT [4],

MESFET [5], [6], transferred-electron devices [7], and

HEMT [8] has been reported. Microwave signal generation

at 35 GHz by optical mixing of injection locked laser

diode sources [9] and indirect optical locking of a free-

running 39 GHz IMPATT oscillator [10] have been

demonstrated. The application of injection locked oscilla-

tors for optically fed phased array antennas has been

reported [11]. The basic operation principle of all these

devices is the photogeneration of free electron–hole pairs

within the active region of a device. Photoexcited carriers

modulate transconductance and other circuit parameters

(such as gate-source and drain-gate capacitances) of the

devices. Therefore, optical illumination will either eghance

or quench the oscillation of these devices.

The optical technique for controlling microwave devices

offers unique advantages in: (1) near perfect isolation

Manuscript received August 7, 1989: revised November 16, 1989. This
work was supported by the U, S, Army Research Office, the Alr Force
Office of Sc]entlflc Research, and the National Science Foundation.

The author is with the Department of Electrical Engineering, Univer-

sity of Maryland, College Park, MD 20742
IEEE Log Number 8934044.

between controlling and controlled devices, (2) elimination

of RF feed in a large array system, (3) immunity from

electromagnetic interference, (4) light weight and compact

size, (5) extremely fast response, (6) high power handling

capability, and (7) possibilities for monolithic integration.

In the references mentioned above, the extreme high speed

capability of the lightwave technologies has not been ex-

ploited.

In our laboratory, we have taken advantage of the

unique speed capability of the optical pulses. Electrical

pulses are instantaneously generated via the picosecond

photoconductivity [12] effect in a photoconductor. Picosec-

ond photoconductors can now be engineered to generate

electric pulses as short as 1 ps [13] with jitter-free switching.

All subsequent electronic events can be slaved to this

initial pulse. Picosecond optical techniques can be utilized

again to generate other pulses that can be precisely time

controlled. Using picosecond optical electronic techniques,

we are able to generate microwave and millimeter-wave

signals that are in complete time synchronization with the

exciting optical pulses. RF waveform generation, ranging

from one monocycle [14] to continuous wave, with peak

power up to a few megawatts in the pulsed case and

frequency up to 20 GHz in the CW case [15], has been

achieved. Phase control of the microwave signals can be

accomplished by simply controlling the arrival time of the

exciting optical pulses which offers the potential for a true

time delay phased array radiation.

I will review the progress in the application of ultrafast

optics to microwave and millimeter-wave technology

through picosecond optoelectronics. The term picosecond

optoelectronics is defined as an electronic function per-

formed by picosecond optical pulses via the photoconduc-

tivity effect.

Since most of the works reviewed here involve the use of

picosecond photoconductors, I will begin by summarizing

the characteristics of picosecond photoconductors in the

next section. This will be followed by a discussion of the

principle of optical generation and control of microwave

pulses in Section 111. Sequential RF waveform generation

using a frozen wave generator and picosecond photocon-

ductive switch is discussed in Section IV. Impulse excita-

tion of a resonant coaxial cavity to generate microwave

reviewed in Section V. Section VI deals with CW
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Fig. 1. Interaction of low-frequency electromagnetic waves with the

photoinduced electron–hole plasma in a semiconductor; d is the
penetration depth of the optical beam. For a weakly absorbing medium,

d may be greater than the thickness of the sample,

microwave generation by ultrafast optical technique. On-

wafer optoelectronic characterization of monolithic mil-

limeter-wave integrated circuits is discussed in Section VII.

Concluding remarks and prospects for future development

of this field can be found in the last section.

II. PICOSECOND PHOTOCONDUCTORS

A photoconductor exhibiting picosecond response time

is referred to as a picosecond photoconductor. This phe-

nomenon is referred to as the picosecond photoconductiv-

ity effect and was first reported in 1972 [12]. Picosecond

photoconductors used as ultrafast switching and gating

devices have been demonstrated. In this application, the

photoconductor is dc biased at the input terminal and a

fast rise electrical output signal is obtained instantaneously

when it is irradiated by a picosecond optical pulse. Thus,

in a sense, it is a three-terminal device where the control

terminal is an optical port.

There are a large number of devices based on the

picosecond photoconductivity effect. They include

switches, gates, samplers, electronic impulse function cor-

relators, A/D converters, optical detectors, dc to RF con-

verters, and coherent microwave generators. The principle

of operation for some of these devices will be discussed in

this paper. They are mostly based on the interaction of

electromagnetic waves with photoinduced electron–hole

pairs in a bulk semiconductor. Recently a number of

photoconductive devices using semiconductor films have

been reported [16], [17].

Let us consider the interaction of an RF signal (includ-

ing dc signal) with an electron–hole plasma in the semi-

conductor as shown in Fig. 1. The electron–hole plasma in

the layer with thickness d introduces complex permittivity

in the plasma region, which can be expressed as ~

C, = C’—J“# (1)

2 2

*P
=c~— —— j;*

(J2 + V2
(2)

where a is the angular frequency of the RF field; ~~ is the

dielectric constant of the host lattice; v is the carrier

collision frequency; and tip is the plasma frequency, given

by

up = ne2/tom*. (3)
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Here n is the density c~f the photoinduced excess carriers

proportional to laser intensity, e is the electronic charge,

m* the effective mass, :and c~ the permittivity of vacuum.

In the case of a low-frequency RF signal 0<< v, Qp << v

(for frequency below X-band), the photoinduced carrier

will not affect the real part of the complex permittivity,

and the effective conductivity

cre,f= U E& “ = nep (4)

where p is the mobility. However, for a high-frequency RF

signal (such as millimeter waves in the 30–100 GHz range),

the effect of photoinduced plasma on the real part of the

permittivity can no longer be neglected. The photoinduced

plasma will cause refractive index change for the RF

signal, effectively making also phase modulation on the

propagating RF signal. The plasma state in a semiconduc-

tor therefore provides us with a flexible situation for the

switching and controlling of an electromagnetic signal in a

conductive as well as irl a dielectric mode of operation. In

a conductive mode device, the wavelength of the RF signal

to be controlled or generated is usually much greater than

the physical dimensions of the solid-state plasma region;

thus the plasma region can be considered a lumped circuit

element. In a dielectric mode device (such as a millimeter-

wave phase shifter) the wavelength of the propagating RF

signal is comparable ‘to the dimensions of the plasma

region; therefore the plasma region is considered a dis-

tributed circuit element. The dielectron mode device has

been reviewed previoudy [18], [19] and will not be dis-

cussed here.

III. CONDUCTIVE MODE DEVICES BASED ON

PHOTOCC)NDUCTIVE SWITCHES

Most of the applications of picosecond photoconductors

are conductive mode devices based on photoconductive

switches. The actual design of the switch depends on the

specific application. The switch is a bulk device which can

be scaled in size. For high-frequency, high-speed applica-

tions, the output voltage requirement is low; thus the

photoconductive gap length is typically of the order of a

few micrometers. For high-power switches, however, the

device size is usually in millimeters or even centimeters.

Fig. 2 shows some of the typical designs. In the microstrip

category, the photoconductor can be straight gap or inter-

digitated to have more area for optical illumination to

increase optical efficiency. However, the time response of

the interdigitated switch may suffer because of the in-

creased length of the electrode–semiconductor interface.

To achieve extreme speed one has to use the coplanar

microstrip design to reduce the circuit capacitance to a

minimum. Electric pulses of 350 fs duration have been

generated with this new design [20].
In order to preserve the inherent bandwidth capability

of the picosecond photoconductive device, the photocon-

ductor is used as a switch in a charged transmission line

pulser arrangement (Fig. 3). In this arrangement the charg-

ing segment of the transmission line is attached to one

electrode of the photoconductive switch at one end of the
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Fig. 2. Different photoconductlve switch designs: (a) Bulk switch for
high-power application (b) 50 ~ mlcrostrip design for low-power,

high-speed apphcation; the gap can be straght gap or interdlgltated,
(c) Coplanar striplines for very high speed applications
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Fig. 3. Charged llnepulser arrangement wlthaphotoconductlve switch.

The charged line length M L and the characteristic impedance of the

hnels Z. R is thecharging resistor and the output line is terminated

with a matched load ZO.

segment and is connected to the charging voltage source at

the other end. The output end of the switch is connected to

the output line which is terminated by a matched load. In
order to achieve good isolation between the input and

output, the photoconductive materials chosen always have

high dark resistivity. Table I shows some of the picosecond

photoconductors. Note the high dark resistivity of all

materials. Among them silicon has the lowest dark resistiv-

ity, resulting in a serious thermal runaway problem.

The high dark resistivity of the switch makes it noncon-

ductive in the dark state. Assuming that picosecond

or femtosecond optical pulses are illuminating the photo-

conductor and are being absorbed by the material, elec-

tron–hole pairs will be created instantaneously, transform-

ing the photoconductor from an insulating to a conducting

TABLE I
SLMtCONOUCTOR MATIXUALS INVESTIGATFD FOR HIGH-SPEZD,

HIGH-P• WLR PHOTOCONLXICTIVE SWITCHING

Carrier Dark

Semiconductor Eg

(ev)

Si (intrinsic)

Sos

*Cr:GaAs

Fe:InP

*CdSCSel–=

GaP

*(Diamond (IIa))

Fe: In:GaAs

GaAs on SOS

1.16

1.42

129

1.8 ~ 2.4

2.24

5.5

Lifetime Resistivity

(m) (n-cm)

104 5x 104

lo-lps

<1

<1

> 10

>1

<1

500 w 100 ps

20 ps

>10’

>107

> 10’

> 107

> 1016

*First developed at the University of Maryland

state and thus closing the switch. The fast rise electrical

pulse will appear at the load, with the rise time of the

electrical pulse approaching that of the laser pulse. The

actual shape of the electric pulse depends on the duration

of the time that the switch remains closed. This time is

usually referred to as the photoconductive lifetime, and it

has two contributions: carrier recombination time and

swept out time. In the case where the photocohductive

lifetime, ~, is much greater than the round-trip propaga-

tion time of the voltage wave on the charged line section,

2 L/v, one expects a square waveform to appear at the

load with its rise and fall times equal to the rise time of the

laser pulse. Here L is the length of the charged line

segment and u is the velocity of the voltage wave propa-

gating on the line. If r << 2L/u, one expects to see a

single-sided exponential waveform. Here again the rise

time of the pulse is equal to that of the laser pulse but the

fall time reflects the photoconductive decay time (assum-

ing that the switch is not saturated). The output voltage

VOU,is given by

Z.

‘“”’= V’2ZO+ R,(1)
(5)

where VC is the bias or charging voltage, ZO is the charac-

teristic impedance of the transmission line, and

R,(I) =l&p/A’(t)ep+ltc (6)

is the dynamic resistance of the switch under laser illumi-

nation. Here l~aP is the gap length of the switch, N(t) is

the total number of photoinduced charge carriers (which is

proportional to the optical energy of the pulse), and R, is
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the total contact resistance at the electrodes of the switch.

The temporal dependence of N(t) reflects the dynamics of

carrier decay. When the photoconductor is used as a

high-power switch, one usually requires the switch to

transfer energy efficiently to the load and wants R, << Zo.

This must be done with high biased voltage across the

switch for high-power applications. The maximum hold-off

voltage is

~== lg.#Brv (7)

da-e EBr is the intrinsic breakdown field. It is obvious

from these expressions that in order to have an efficient

high-power switch one requires a large lg,P and a high

N(t), i.e., large optical energy. Switches as large as a few

centimeters with 100 kV of hold-off voltage strength have

been fabricated in pulse power applications. The large

optical energy requirement for high-power switches can be

greatly reduced via a “lock-on” phenomenon [21]. High-

power pulsed microwaves in the megawatt power range

have been generated in our laboratory. Some of these

results will be discussed later in this paper.

In contrast to high-power switches, picosecond photo-

conductors can also be used as high-speed optical detec-

tors and optical electronic samplers. In general, in these

applications the speed of the devices is of primary concern.

The efficiency of the switch can be somewhat sacrificed.

One no longer requires R,(t) to be smaller than 2.. In

fact, to maintain a linear relationship between Vout and the

laser intensity, one needs R$(t ) >> Zo. Since high voltage

output is also not required, one usually uses a small gap

switch for high-speed applications. The rise time of the

output electric waveform is that of the laser pulse, and the

fall time of the photoconductor can be engineered to be

less than 1 ps (with femtosecond laser pulse) by ion

bombardment or by low-temperature MBE growth [16].

The most important characteristic of the picosecond pho-

toconductive switch is jitter-free response. It allows perfect

time synchronization between the generated electric signals

and exciting optical pulses. This property holds true for

both low-power and high-power switches. Many electronic

and microwave functions can be time synchronized by a

single optical pulse, leading to a true time delay phase

arrayed system possibility. The complete time synchroniza-

tion capability of this general class of photoconductive

devices also gives rise to exciting and probing (or generat-

ing and sampling) techniques for on-wafer measurement of

monolithically integrated millimeter-wave or high-speed

digital circuits. This will be discussed later in the paper.

Practical applications of conductive mode devices in-

clude the generation of pulsed and CW microwaves via

direct dc to RF conversion using picosecond photoconduc-

tive switches. To generate microwaves with a small number

of cycles, a frozen wave generator has been employed.

Impulse excitation of a resonant microwave cavity is used

to generate microwaves with a large number of cycles.

Repetitive impulse excitation can be used to generate CW

microwaves. These techniques will be described in the
following sections.

4
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Fig. 4 Plot of waveforms g,merated from a frozen wave pulse generator

when three switches are closed in the Ideal case for (a) R ( r’) = m and

(b) R(r)= 7..

IV. FROZEN WAVE GENERATOR

Short pulse signal microwaves have several applications

such as high-resolution radar, time-domain metrology, and

plasma diagnosis. A sequence of RF pulses can be gener-

ated from a dc source through a series of step recovery

diodes with a rise time of 60 ps, although its pulse ampli-

tude is limited [22]. A frozen wave generator, a simple and

effective device consisting of several segments of transmis-

sion line connected in series by means of switches, is

capable of generating a sequential waveform of arbitrary

temporal characteristics. Proud and Norman [23] have

shown the generation of a pulsed microwave signal by

utilizing this frozen wave structure with nanosecond opti-

cal pulses illuminating the photoconductive switches. With

nanosecond laser pulses, the advantage offered by the

ultrafast response time of the photoconductive switch is

not fully utilized. Hence we have designed an experiment

using picosecond laser pulses to actuate the frozen wave

generator, producing unique broad-band microwave pulses

[24]. Fig. 4 shows a frozen wave generator with three.

switches and three segments of transmission lines. The last

segment was designed to have a length equal to half that in

the two previous segments. The end termination was left

open. Here the three segments of transmission lines were

charged to VO, – J& and VO, respectively. In the ideal case

when all three switches are closed simultaneously, square

pulses of two and one half cycles will be generated; the

amplitude of the pulse is the same as that in the charged

line structure ( VO/2), and the pulse width is equal to the

time required for the wave to travel across one segment of

charging cable of length L.

The series connecticm of the photoconductive switches

requires that to obtain the maximum power generating
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Fig 5, Plot of the experimental (solid curve) and computer simulated

(dotted curve) waveform from a frozen wave gencmtor: dc bias volt-
ages are 10, – 10, and 10 V. LI = L2 = 42 cm, Lq = 21 cm, RI =

6.5 fl, Rz=5fl, and R3=7fl.

efficiency the switch must remain completely saturated for

the entire duration during pulse forming. This means that

silicon switches are preferred because of their long photo-

conductive lifetime. Jitters in the switching process pro-

duce random frequency modulation, which removes the

energy from the fundamental frequency. Picosecond laser

activated semiconductor switches seem ideal for this appli-

cation since they are jitter free.

A. Symmetric Waveform Generation

For low dc bias voltage applications the frozen wave

generator was mounted on a translational stage, and 10 V,

– 10 V, 10 V dc biases were initially applied to the three

semirigid charging cables, respectively. The rise time and

the fall time of the oscilloscope were both about 1 ns;

therefore, the period of the output pulses was designed to

be 4 ns (corresponding to that of a cable length of 84 cm).

When the single laser pulse of total energy 65 pJ triggered

all the switches simultaneously, a two and one half cycle

wave was generated with a 4 ns period (Fig. 5). The

amplitude of the first pulse was about 95% of the half bias

voltage, and the total output power of these two and one

half cycle pulses was about 65% of the total output power

in an ideal case.

According to theory, the maximum amplitude of the

output waveform should be equal to one half of the

charging voltage if the on-state resistance of three switches

is equal to zero. In reality, none of these resistances

become zero, resulting in a reduced amplitude. By using

parameters of 6.50, 5 Q, and 7 !2 as the total resistance for

three switches in the on-state and modeling the oscillo-

scope as a first-order low-pass filter with a bandwidth of

600 MHz, we found that the output waveform from the

calculation was in agreement with the experimental results.

These results are shown in Fig. 5. The dotted curve is the

calculated curve and the solid line is the experimental

curve.

B. Asymmetric Waveform Generation

The termination attached to the last charged line seg-

ment (opened, or matched) plays an important role in the

shape and the number of cycles of the output waveform.

1!, 23456 7 8 9 10 II ,2

T,m (IN]

Fig 6, Stair-step wa~cform generated from a frozen wave generator
with dc bias voltages of 35. 68 and 100 V and .LI = 1.2 = 50 cm and

[.3 = 25 cm,

The length of the coaxial cable and the dc bias voltage

(includes the polarity) also affect the shape of the output

waveform. Hence, not only the frozen wave pulse genera-

tor can provide the capability to produce symmetric wave-

form; other waveforms, such as asymmetrical and stair

steps, can also be obtained through different arrange-

ments. For example, in an experiment, three switches were

biased with positive dc 35 V, 68 V, and 100 V, respectively,

and three cables of lengths 50 cm, 50 cm, and 25 cm

were utilized, with an open end termination. A stair-step

waveform of 2.4 ns in separation was therefore generated

(see Fig. 6). Simulation results from SPICE 2 program

(solid curve) are also shown in the same figure. A series of

results from six different arrangements are shown in Fig. 7.

In Fig. 7(a) and (b) three cables were 50 cm, 50 cm, and 25

cm long, and three different bias voltages were applied. In

parts (c), (d), and (e) of the figure, the three cable lengths
were 50 cm, 50 cm, and 71 cm, respectively, and three

different positive bias voltages were charged to three seg-

ments of the transmission line. In Fig. 7(f) the three cables

were 50 cm, 71 cm, and 25 cm in length, and the three bias

voltages were 8 V, – 7.5 V, and 7.3 V, respectively. Note

that Fig. 7(e) represents the character 101101.

C. Kilovolt Wauefornl Generation

For high-voltage applications, to prevent thermal run-

away we applied a pulsed bias to three silicon switches and
the wider gap switches were used for voltage hold-off. It

was essential in the pulsed bias case that the bias pulse be

in time synchronization with the optical pulse. Three

switches were coated with clear epoxy which makes it

possible to increase the pulse charging voltage to + 900 V.
Notice that in this situation, the center and the last switch

was biased 1800 V (electric field >4 X 104 V/cm) across

the gap. A single picosecond laser pulse of total energy

-50 pJ was used to activate the three switches simultane-

ously. The resultant output waveform, as shown in Fig. 8,

has a pulse of two and one half cycles (200 MHz), a period

of 4.8 ns, and an amplitude of 850 VP. P.
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(a) dc bias of 14,35, and 16 volts on

three switches, three cable lengths

of 50cm, 50cm, and 25cm. Output

voltages are 200 mv/div., 12.5x

attenuation, and 2ns/div., reduced scan

(c~dc bias of 30, 15, and 0.0 volts on

three switches, three cable lengths of

50cm, 50cm, and 71cm. Output voltages

are 200mv/div., 12.5x attenuation,

2ns\div., reduced scan.

(e) dc bias of 13.7,0.0, and 14 volts on

three switches, three cable lengths

of 50cm, 50m, and 71cm. Output

voltages are Iv/div., 2nsldiv.,

reduced scan.

Fig

601

(b) dc bias of 13.6, 0.0, and 0.0 volts
on three switches , three cable lengths

of 50cm, 50cm, and 25cm. Output

voltages are lvjdiv., 2 nsidiv.,

reduce scan.

m I
(d) dc bias of 30, 2t),and 18.6 volts on

three switches, three cable lengths of

50crn, 50cm, and 71cm.@tPut voltages

are 200mv/div., 12.5x attenuation,
2,n~fdiv.. reduced scz~n.

(f) dc bias of 8, -7.5, and 7.3 volts on

three switches, cable lengths of 50cm.

50cm, and 71cm. Output voltages are

Iv/div., 2ns/div., reduced scan.

7. Plots of various waveforms from a frozen wave gcmcrator,

We have demonstrated a method of generating kilovolt

and a periodic waveform by applying pulsed bias and dc

bias to a frozen wave generator. This method may possibly

+

generate sequential waveforms with higher voltages if the

surfaces of the silicorl switches are properly protected.

:200 v However, the pulsed bias which is applied across the

+

silicon switch can extend only to the limit set by the

intrinsic bulk breakdown (- 2 X 105 V/cm). This suggests,

therefore, that in future experiments, a design utilizing

switches with wider gaps will be necessary for the genera-

tion of multikilovolt sequential waveforms.

V. DIRECT DC TCI RF CONVERSION BY IMPULSE

EXCITATION OF A RESONANT CAVITY

The frozen wave generator described in the previous

Fig. 8. Oscilloscope trace of the high-voltage waveform generated from
a frozen wave generator. Pulsed bias of – 900, 900, and – 900 V were

section is ideal for generating RF waveforms with a small

applied to tk three switches. The three cable lengths were 50 cm,
number of cycles since in the configuration shown in Fig. 4

50 cm, and 25 cm. the number of switches needed is directly proportional to
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to oscilloscope

Cavity

Fig. 9. Expmimcntal arrangement for direct dc to RF conversion by
impulse excitation of a resonant cavity. S is the photoconductivc
switch, V. is the bias voltage, Al and A2 are input and output loop

antennas, and tbc cavity is a coaxial structure.

the number of cycles one needs to generate. The drawback

of a frozen wave generator is that, to form an RF wave-

form with many periods, a large number of switches are

required. These switches must be simultaneously activated

and each switch must operate at close to 100’% switching

efficiency in order to form a good pulse sequence. This

requirement naturally demands a large amount of laser

energy. One of the alternatives to generating an RF wave-

form with many cycles is to form it in a resonant cavity

with a single photoconductive switch. Pulsed microwaves

with central frequency ranging from 300 MHz to 6.7 GHz

have been generated by this technique. Fig. 9 shows the

experimental setup, which consists of a pulsed charging

line with biased voltage VOapplied to it through a charging

resistor, a photoconductive switch, which was triggered by

a picosecond laser pulse, and a quarter-wavelength res-

onator with input and output coupling loop Al and A j

respectively. The shorted and opened ends of the coaxial

resonator acted as perfect reflectors for the propagating

wave induced on the coaxial line. This wave would then

bounce back and forth on the coaxial line, resulting in a

series of pulses with alternating polarities since the bound-

ary condition required that the voltage be zero at the

shorted end and that the current be zero at the opened

end. The output antenna loop A ~ was used to couple these

pulses out for observation. The number of pulses gener-

ated depends on the strength of the coupling. A single

dipolar microwave waveform has been generated when the

coupling between the input and output loops was the

strongest [14]. Near CW microwave oscillation was ob-

served with weak coupling (Fig. 10). The frequency of

oscillation was determined by the length of the cavity, and

for clean oscillation the width of the input electric pulse

had to be much less than the transit time of the wave

propagating on the coaxial line. To obtain near CW oscil-

lation as shown in Fig. 10 the cavity needs to be repeti-

tively excited. To obtain an oscillation with near constant

amplitude it was necessary to (1) tune the length of the

coaxial cavity to ~n integer multiple of the repetition

frequency of the laser (16 times for the data shown),

(2) match the length of the transmission line between the

photoconductive switch and the input antenna with that of

Fig. lo. The upper trace shmvs the CW 1.6 (;Hz RF signal gcnera{cd

from a CW !modc-locked laser. The lower trace shows onc of the

rnodc-locked laser pLIlscs from the pLIlsc train. Note that the amplitude

of the CW microwave signal remains nearly constant.

the laser cavity, and (3) obtain a high Q for the cavity by

reducing the coupling between the input and output.

We have demonstrated the conversion of dc to RF

energy in a coaxial resonator by this technique. This ap-

proach has been shown to be an alternative to the frozen

wave generator. Broad-band microwave pulses with over

7 kW of peak power have also been demonstrated. A

detailed discussion of this work is described in [14]. To

extend this approach to higher frequency a coaxial res-

onator with short cavity length must be used. A 6.7 GHz

generator has been reported with a monolithic device using

a lateral p-i-n diode as a switch. The reader is referred to

[25] for details.

VI. CW MILLIMETER-WAVE GENERATORS

The generation of microwaves by impulse excitation of a

resonant cavity is essentially waveform synthesizing by

time multiplexing the short electrical pulses in a coaxial

cavity. To extend this technique to millimeter-wave genera-

tion is difficult because one needs to scale the dimension

of the coaxial resonator down accordingly. A simpler way

to produce CW millimeter waves by the picosecond opto-

electronic technique is to work in the frequency domain.

As mentioned previously the output of the CW mode-

locked laser is a periodic optical pulse train with interpulse

spacing equal to the optical cavity round-trip time. In the

laser used in our experiment this time was 10 ns. One can

convert the optical pulse train to an electric one.

As schematically shown in Fig. 11, the periodic signal in

the time domain contain harmonics in the frequency do-

main according to Fourier theory. The interharmonic spac-

ing is equal to the reciprocal of the time spacing between

two adjacent pulses. In our case it was 100 MHz, the

longitudinal mode spacing from the laser used in the

experiment. To obtain CW sinusoidal oscillation one sim-

ply needs to pass the periodic signal through a narrow-band

filter which filters out only a single harmonic. The harmon-
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Fig, 11. Schematic showing (a) the periodic electrical pulse train gener-

ated from a picosecond photoconductor by a CW mode-locked laser

and (b) the corresponding spectral components with 100 MHz spacing,
extending possibly to hundreds of CJHZ.

ics extend to frequencies equal to the reciprocal of the

individual pulse width. In order to have a flat frequency

spectrum extending to 100 GHz the individual electrical

pulse width needs to be less than 10 ps. Since electric

pulses shorter than 1 ps have been reported, there is no

problem in obtaining frequency components as high as

terahertz. Since the spectral distribution is nearly uniform,

for a given total power per pulse, the power per harmonic

will be proportionally reduced if the bandwidth of the

pulse is large. As the CW power is related to the power

associated with the harmonic component, it is clear that

the optimum pulse width of the input pulse should be close

to the reciprocal of the carrier frequency desired. In other

words the ideal pulse duration for generating CW mi-

crowaves in the 20-100 GHz range will be in the tens of

picosecond. Shorter pulses are not desirable. This is a

clear case that shorter is not always better.

To generate 20 GHz CW millimeter waves we used the

setup depicted in Fig. 12. The laser source consisted of a

mode-locked Nd:YAG laser which was pulse compressed

using an optical fiber delay line and grating arrangement,

then frequency doubled using a KTP crystal. This resulted

in a 532 nm wavelength and a 100 MHz pulse repetition

rate with pulses which had 5 ps FWHM (full width half

maximum) and an average power of approximately

200 mW, or an energy of 2 nJ in each pulse, at the switch.

The bias on the photoconductor was 30 V for this experi-

ment. When the optical signal was applied to tht? gap, a

train of electrical pulses was produced, resulting in a

spectrum with discrete signals at 100 MHz intervals. The

spectral envelope was fairly flat, with gradually decreasing

amplitude at the higher harmonics. The photoconductive

V,2

b7 t

‘“m=
Fig. 12, Top channel is the experimental setup for 20 GHz CW mi-

crowave generators. The narrow band-pass filter selects only a single
spectral component for ,mrplification. The figure shows only two

channels of a multichannel phased array antenna concept using the
picosecond optoelectronic microwave source. The onset of oscillation

of one channel with respect to that of the other can be precisely

controlled by the arrival time of the picosecond optical pulse at the

photocondtrctivc switch.

10 mV

+ t-
2ops

Fig. 13, Sampling oscilloscope trace of the CW 19.76 GHz signal.

switch used was a silicon on sapphire (SOS) microstrip

structure with a simple 5 pm gap. Silicon was damaged by

ion bombardment.

The output of the switch was fed to a circular waveguide

dual-cavity four-pole elliptic band-pass filter, to filter the

20 GHz spectral component. The output from the filter

was quite small, so a 21 dB gain GaAs MESFET amplifier

designed at COMSAT was used. With the 30 V bias and

using a laser power cf 200 mW, the power level of the

20 GHz component at the output of the amplifier was

– 16 dBm. The sampling oscilloscope picture of the

20 GHz signal is shown in Fig. 13. The time jitter measured

was 1.4 ps. The measured results presented here for the

temporal form and time jitter of a 20 GHz signal indicate

that this optoelectronic source indeed provides a low noise

signal. The measured noise is primarily due to the laser, so
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at present the noise process in the switch itself has not

been characterized. With a stabilized laser the jitter time

has been reported to decrease to less than 0.3 ps [26].

One application of this source is a millimeter-wave

phased array antenna of the type shown in Fig. 12. If the

optoelectronic source described is integrated into each

antenna patch for the transmission operation, then only a

dc signal and the optical signal need to be delivered to the

patches. This offers a dramatic simplification in the feed

network and hence potentially reduced cost. The principle

of operation is quite straightforward. The relative patch

current phase can be controlled by the relative switch

excitation times. The feed network would then consist of

either an optical fiber or space fed optical system and a dc

bias. It is feasible to obtain high performance, as one can

take advantage of high-speed optoelectronic technology.

VII. ON-WAFER OPTOELECTRONIC

CHARACTERIZATION OF MONOLITHIC

MILLIMETER-WAVE INTEGRATED CIRCUITS

Microwave measurements are traditionally performed in

the frequency domain, where desired results are typically

expressed in the form of scattering parameters. Circuit

components are usually mounted in a 50 Q microstrip

network and the measurements performed with a network

analyzer, such as the HP 8510. In GaAs monolithic mi-

crowave and millimeter-wave integrated circuit (MMIC)

manufacture, it is desirable to be able to characterize the

devices before the wafer is diced, i.e., to perform on-wafer

measurements. This is possible using an external source

with coplanar waveguide probes, which are customized to

fit the particular integrated circuit being tested. Such me-

chanical contacting probes have a fairly short lifetime and

deteriorating electrical performance at the higher fre-

quencies.

In an effort to reduce the cost of large-scale on-wafer

measurements and to achieve a more diverse technique, the

use of optoelectronic techniques has been proposed. Sev-

eral approaches for making these measurements have been

studied. Frequency-domain measurements have been per-

formed by electro-optic probing of the electrical signal on

a microstrip line [26]. This work used a coplanar wave-

guide probe to launch the microwave signal. An alternative

is to generate a very short electrical signal on-wafer by

illuminating a biased photoconductor with a picosecond

optical pulse [27]–[29]. The electrical signal on a line can

then be sampled by electro-optic (EO) or photoconductive

(PC) sampling. Some results for a GaAs FET mounted in a

silicon-on-sapphire test circuit have been presented using

this approach with PC sampling [30]. A comparison of

this technique with frequency-domain measurements per-

formed on a Ka-band integrated circuit has been made

with an on-wafer characterization emphasis [31].

In the optoelectronic characterization of MMIC’S, it is

clearly advantageous to be able to generate the character-

ization signal on the wafer with only dc bias required,

thereby avoiding the difficult problem of launching the
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Fig. 14. Schemat]c for optoelectronic measurement system using photo-
conductive samphng.

microwave or millimeter-wave signal. This is where our

technique differs from that reported in [26]. Whether one

should use PC or EO sampling is an issue which warrants

further consideration. Factors involved in making this

choice are versatility y (EO sampling can be performed

anywhere), speed, sensitivity, ease of making the measure-

ment, dynamic range, and accuracy.

Upon a comparison of optoelectronic time-domain mea-

surements with frequency-domain measurements, a num-

ber of trade-offs are evident. When measurements are

performed in the time domain, broad-band information

can be obtained with a single measurement. The band-

width of the electrical signal generated using optoelec-

tronic techniques can be tailored to a desired shape, which

may be advantageous for some applications. The time-

domain approach can be used to characterize nonlinear

effects and the current optical technique can be simply

extended for multiport measurements. It is clear that there

are a number of issues which must be investigated to

obtain a clear picture of the potential applications of

optoelectronic time-domain techniques. Such techniques

offer the possibility of measurement diversity, low-cost

on-wafer probing, and broad-band characterization.

The measurement system for obtaining two-port scatter-

ing parameters using PC sampling is shown in Fig. 14. The

pulse generation occurs at ports a or d, with the pulse

traveling away from the device under test (DUT) either

being terminated in the matched load or being windowed

out by the sampling time duration. Photoconductive sam-
pling is based on the small-signal operation of the photo-

conductor whereby the time-dependent portion of the

sampled signal (as a function of the delay between the

sampling and generation optical pulses) has been shown to

correspond to the cross-correlation between the electrical

signal on the line and the PC response of the sampling
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gap, which is assumed to be identical to the generation gap

[27]. If the DUT is assumed linear, then the broad-band

scattering parameters can be reconstructed from the mea-

sured time-domain response by appropriately windowing

the measured data at the sampling ports and using Ihe fast

Fourier transform (FFT).

The S21(j ) and SIl of the DUT can be obtained by

G,,(f)
~21(f)=—

Gbz(f)

and

Gbr(f)
“’(f)=G&z(f)

(8)

(9)

where G~l ( f ) is the Fourier transform of the sampled

signal at input b for the incident signal and G~,( f ) for the

reflected signal and GC~(f ) is that of the transmitted signal

sampled at port c.

If the sampling is to be performed using the EO effect,

the probe signal can be located anywhere along the mi-

crostrip line, subject to the constraint of resolving the

incident and reflected time-domain signals. The principle

of operation relies on the electric field induced (due to

electrical signal on the line) polarization rotation of the

optical probe beam [26]. This approach of course relies on

the use of either an EO substrate or a sampling probe. The

detected sampled signal then follows the shape of the

time-domain electrical signal on the line, so the scattering

parameters can be obtained by simply forming a ratio of

the Fourier transform of the windowed sample time-

domain waveforms,’ representing the incident, reflected,

and transmitted signals.

The implementation of both the PC and EO sampling of
a 28 GHz MMIC and a comparison of the optical sam-

pling results with those obtained by a conventional net-

work analyzer measurement have been reported in [31] and

[32]. The reader is referred to these papers for detail. Fig.

15 show the magnitude of $1 parameter measured by the

EO and PC sampling techniques, and the corresponding

0.0
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M
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1
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% 1~- .$zl magnitude measured with network analyzer (FIpg510)

data as determined by the network analyzer measurements

(HP 8510) are shown in Fig. 16. In addition to the com-
pletephase data of S’21, the measurement of both magni-

tude and phase of SII has also been reported in [31] and

[32]. The magnitude of Szl measured by the PC sampling

technique agrees well with that obtained by the conven-

tional network analyzer. The magnitude measured by the

EO technique is low arid may be due to calibration prob-

lems. The calibration is more difficult to obtain with EO

sampling because the signal is very sensitive to the position

of the sampling beam next to the microstrip ‘line.

In comparing PC and EO methods, we found that it is

more difficult to implement electro-optic sampling because

of its lower sensitivity, For our device, the ratio of the

detected signal voltage to the sampled voltage is 2 X 10-5

for electro-optic sampling and 3 x 10-3 for photoconduc-

tive sampling. This gives a dynamic range of 34 dB for EO

sampling with the maximum voltage being the same, i.e.,

300 mV.’ We have found that in the EO sampling there is

also an interferometric effect between the front-surface-

reflected beam and the beam reflected by the ground plate.

It turns out that the EO signal magnitude also depends on

the local wafer thickness if the coherent sampling pulse

duration is longer than or comparable to the round-trip

transit time through the wafer [33].

Although there is a good overall agreement in the

broad-band response of the MMIC both in magnitude and

phase measured by the PC sampling and the network

analyzer techniques, we also note some discrepancies. These

differences may be due to de-embedding. In the network

analyzer measurement, the data were obtained by measur-

ing the response of the package consisting of two photo-

conductive switches, the MMIC, and the K connectors. In

order to compare these results with the optical techniques,

it was necessary to correct for the loss and phase shift due

to the 50 Q line of the switches and the effect of the K

connectors. This de-embedding process may introduce

some errors into the network analyzer measurements. The

effect of the K connectors is determined by measuring the

S parameters for a separate test structure. Since the per-
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formance of the K connectors is dependent upon the way

the connectors are assembled, this term may be a source of

error.

A CW measurement technique using picosecond opto-

electronic sampling of GaAs microwave integrated circuits

has been reported by the group at Stanford University [26].

The major difference between our technique and theirs is

that we generate the input signal on the wafer, whereas

their method requires that a CW microwave generated

external to the wafer be launched into the circuit through a

coplanar waveguide probe tip similar to that used in a

commercial microwave probe station. As such ours is a

pulse technique while theirs is a CW technique. A similar

CW technique has been applied to characterize the perfor-

mance of a packaged 1.7 GHz GaAs planar integrated

decision circuit [34].

A picosecond switching time measurement of a resonant

tunneling diode has been reported. Picosecond bistable

operation has been experimentally observed in a double-

barrier resonant tunneling diode [35]. A rise time of 2 ps

has been measured. This time-domain measurement adds

necessary information to the understanding of the trans-

port mechanisms in the resonant tunneling diode.

The electro-optic sampling technique has also been ap-

plied for high-frequency characterization of thin-film

high-temperature superconducting transmission lines [36].

Distortion-free propagation of high current density tran-

sient has been demonstrated. The high-frequency proper-

ties can be analyzed by careful study of the relative phase

delays of the electrical transients as the temperature of the

sample is varied to cover a wide temperature range, from

1.8 K to T= [37].

VIII. CONCLUSION

In this paper I have reviewed the application of ultrafast

optics technology to microwave and millimeter-wave tech-

nology. The link between these two technologies is picosec-

ond optoelectronics, defined as an electronic function per-

formed by ultrafast optical pulses of picosecond and/or

femtosecond duration via the picosecond photoconductiv-

ity effect. This new technique provides perfect time syn-

chronization and thus coherency between the optical and

microwave events. Both CW and pulsed microwaves can

be generated and controlled by optical techniques using a

frozen wave generator, an impulse excited cavity resonator,

or an optically controlled dielectric waveguide. A broad-

band on-wafer characterization technique has been dis-

cussed which essentially performs the time-domain net-

work analysis for MMIC before the wafers are diced off.

Since the optical and electronic events can be perfectly

time synchronized, many interesting coherent measure-

ment techniques have been invented. One aspect of recent

work that has not been discussed in this paper concerns

picosecond photoconducting dipolar antennas [38] -[40].

These structures are capable of generating and coherently

detecting picosecond and subpicosecond electric pulses.

These antennas, when illuminated with femtosecond opti-

cal pulses, radiate electrical rmlses with freauencv snectra. ,.-,

extending from dc to THz. Possible applications of this

technique include the characterization of microwave mate-

rials. The coherent technique allows independent determi-

nation of both the real and imaginary parts of the dielec-

tric constant [41].

In conclusion, we have seen many interesting new devel-

opments of using ultrafast optics in microwave technology.

In the future, as the technique is perfected and technology

matures, we can foresee some merging of ultrafast optics

and microwaves.
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