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A Program of Research in Picosecond Optical Electronics

I. Summary

. An electrooptic (EO) sampling system suitable for high-speed measurements on gal-

lium arsenide (GaAs) integrated circuits (IC's) was developed. This measurement tech-

nique is based on the linear electrooptic effect in GaAs. Using a longitudinal probing

geometry, sub-bandgap energy infrared light is passed through the substrate of a GaAs

IC, reflected off some circuit metallization, and passed through a polarizer, resulting in an

,intensity change of the light past the polarizer proportional to the voltage across the sub-

strate. To achieve short temporal resolution, the signal generating electronics for driving

the IC's are phase locked to the repetition rate of a mode-locked laser system to allow for

repetitively sampled measurements of time waveforms. Since the probe is an optical beam,

the technique is non-contact, non-destructive, and non-invasive in that the test point is

not loaded with 50 ohms or any parasitic impedences. For analog circuits, the sampler

can be used in the small-signal case to make vector voltage measurements or in the large

signal case to view distortion and clipping of time waveforms. For digital circuits, the

sampler can be used to measure signal timing, risetimes of less than 10 picoseconds (ps),

and propagation delays to 1 ps.

II. Research Results

The results of this research are well documented in the literature (see attached pub-

lications list and appendix). A summary of these result-, in chronological order are given

below.

During the summer of 1984 the initial version of the electrooptic sampler was de-

veloped. The system consisted of mode-locked Nd:YAG laser, a fiber-grating pulse com-

pressor, a doubling crystal for second-harmonic generation, an optical breadboard with the

-.. , .. :.-.--,.,; -: ,,. ','..-:.;.; .: . - ... :.: -,:....,.. .. , ...
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necessary optics, a stepper motor stage, viewing system, a photodiode receiver, and a desk-

top computer controller. The system was demonstrated by measuring the time response

of a 30 ps GaAs photodiode by exciting the photodiode with the doubled light, launching

the signal and a GaAs transmission, and measuring the response electrooptically using the

infrared light. This work was completed by October 1984.

During the next several months, the ability to directly measure time waveforms from

signal generators synchronized to the laser pulse repetition rate was investigated. The

concept proved feasible but the laser was identified as a source of excess timing instability.

Measuring the phase noise of the laser by harmonic mixing of the laser spectrum with a

microwave synthesizer on a GaAs microstrip, the timing jitter of the laser was characterized

[1]. This excess timing jitter seriously degraded sampling measurements of synthesizer

signals above 10 GHz.

To combat this excess timing jitter, an electronic, phase-sensitive feedback loop ex-

ternal to the laser was developed. This system compared the timing of the pulses from

the laser to a very stable signal from an RF synthesizer. Timing error on the laser pulses

generated an error signal that controlled a phase-shifter to adjust the timing signal to

the mode-locker of the laser. In this fashion, the timing jitter was substantially reduced.

Improvements on this timing stabilizer continued through August 1985, with a resulting

timing jitter of 2 picoseconds (ps) rms overall and a long term drift of less than 1 ps per

minute of the laser pulses with respect to a microwave synthesizer signal.

Concurrently with the above effort, the electrooptic -ampler was being applied to the

characterization of GaAs integrated circuits (IC's). Working with a 2-12 GHz traveling-

wave amplifier (TWA) from Varian Associates, vector measurements of internal node sig-

nals on this circuit were demonstrated as well as detection of signals to 26 GlIz, the limit

of the labs microwave synthesizer (21.

To apply this system to signal detection on digital circuits, a novel backside probe ge-

ometry was conceived and demonstrated E3]. A high-speed 8-bit multiplexer/demultiplexer

from TriQuint Semiconductor was probed in this fashion, demonstrating the ability to
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detect the signal timing and propagation delays logic elements along 2 micron width in-

terconnects.

In conclusion, this contract supported research of a new type of electrooptic sampling

that allows for synchronization of a microwave synthesizer with the pulse repetition rate of

a mode-locked laser. With feedback electronics to stabilize the timing of the laser pulses,

the response of analog and digital GaAs IC's can be detected with picosecond accuracy.

This research has led to a number of publications [1] -[9] and the electrooptic sampler is

becoming a valuable new tool for the accurate characterization of ultrafast GaAs integrated

circuits.

Irr. Personnel

During the course of this project, two students were awarded degrees. Kurt Wein-

garten received his M.S. Degree i:i Electrical Engineering in April of 1985, and Brian

Kolner received his Ph.D. in June of 1985. Dr. Kolner's thesis was entitled "Picosecond

Electro-optic Sampling of Gallium Arsenide".
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Picosecond Eh-ctr(1o)plic Sampling and Harmonic Mixing in GaAs

4

B.H. Kolner, K.J. Weingarten, M.J.W. Rodwell, and D.M. Bloom
Edward L. Ginzton Laboratory, Stanford University,

4 Stanford, CA 94305, USA

Electro-optic sampling is a powerful technique for exploiting the capabilities of modern
mode-locked laser systems to make high speed electronic measurements. Using ultra-
short light pulses to probe the electric fields of microstrip transmission lines deposited on
LiNbO 3 and LiTa0 3, VALDMANIS et al. [1,21 demonstrated an electro-optic sampling
system capable of resolving picosecond and subpicosecond rise-time photoconductive
switches. KOLNER et al. [4,5] utilized a similar system to characterize photodiodes ex-
hibiting bandwidths of 100 GHz. In both cases, a hybrid connection between the device
under test and the electro-optic transmission line was required. VALDMANIS et al. 16
and MEYER and MOUROU [7] have shown that by placing an electro-optic crystal in
contact with the circuit under test, picosecond waveforms could be measured without
a hybrid connection. Although these techniques have demonstrated impressive results,
they potentially compromise the true device response by reactive loading of the trans-
mission line systems. This occurs due to 1) the fundamental mode mismatch between
similar transmission lines on different dielectrics, 2) parasitic reactances associated with
the bonding wires between the two transmission line systems or 3) capacitive loading
of a transmission line by close proximity to the sampling crystal.

In this paper we report on a new approach to electro-optic sampling of high speed
GaAs devices that overcomes these potential limitations. Our system relies on the fact
that GaAs is electro-optic and devices and circuits fabricated in this material can be
probed directly using picosecond infrared pulses to yield time and frequency domain
measurements of a truly noninvasive nature. The circuits can be excited either by
on-board photodetectors for impulse response measurements or by external signal gen-
erators, phaselocked to the laser pulse train, for analog swept frequency or synchronized
digital measurements. In the latter case, the pulse timing stability of the laser becomes
an important factor in making accurate measurements. By operating the sampler as a
wideband harmonic mixer, we have been able to characterize the timing jitter of the
laser and establish the limits it would impose on measurements made with external
signal sources.

Of the various possible geometries for electro-optic modulation in GaAs, the longitu-
dinal case illustrated in Fig. la is the most attractive. In this configuration, the optical
sampling beam passes through the wafer at a point adjacent to the upper conductor
of a microstrip transmission line and is reflected back by the ground plane below. For
(100) cut GaAs (the most common orientation for integrated circuits), the electric field
lines along the (100) axis induce birefringent axes along the (011) and (011) directions.
This birefringence is converted to an amplitude modulation of the sampling beam with
a polarizer. For a given voltage on the transmission line, the electric field (and hence
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i,%' Ga. La OA Fig. 1. Microstrip sampling

A geometries with indicated crys-
-I L "- tallographic axes.

5* GT~A 5N T a S , 'E E

(a) (b)

the birefringence) varies inversely with the substrate thickness. However, since the net
phase retardation is proportional to the product of the birefringence and the substrate
thickness. te thickness cancels out. The sensitivity, or minimum detectable voltage, is
therefore in iependent of the characteristic impedance of the transmission line and for
a 50 (1 micrcstrip system is nearly ten times better than that of the transverse LiTaO3

sampler (Fig. 1b). Previous approaches to electro-optic sampling relied on a trans-
verse fieil geometry 1-7' and thus were sensitive to the dimensions of the transmission
lines. With this new longitudinal sampling configuration, we can make absolute voltage
measurements, independent of transmission line impedances and device geometries.

To make impulse response measurements with on-chip photodetectors, a dual wave-
length picosecond source is needed. A Nd:YAG laser is ideal for this application. The
1.06 um wavelength is well below the absorption edge of GaAs and can be used as the
sampling beam. The second harmonic, obtained by frequency doubling to .532 pm,
yields an ideally synchronized source for exciting photodetectors. While reliable cw
mode-locked Nd:YAG lasers are commercially available, the minimum pulsewidth is
limited to 50-100 ps and is too long to be used for high speed sampling. However,
recent work on fiber-grating pulse compressors has resulted in the efficient compres-
sion of Nd:YAG pulses to less than 5 ps '81. As a first step toward sampling monolithic
GaAs integrated circuits, we used a packaged GaAs photodiode j9] connected to a GaAs
microstrip transmission line. We excited the photodiode with 5 picosecond pulses and
electro-optically sampled the microstrip line to yield the photodiode impulse response.
Although a hybrid arrangement, the initial results demonstrated the effectiveness of the
longitudinal sampling geometry. A more complete description of this experiment can
be found in 10'.

Because an electro-optic modulator produces a photocurrent that is proportional to
the product of the optical intensity and the modulating signal, it can be viewed as a
mixer. In the frequency domain, any signal at v,, propagating on the transmission line
will mix with all of the harmonics of the fundamental sampling rate, fo. Sidebands due
to the convolution of these two spectra will appear at frequencies nf, ±i/o. In particular,
if the transmission line is driven with a pure microwave signal, a replica of the nearest
harmonic wiil appear between DC and f),,'2, where it can be conveniently viewed on
a spectrum analyzer or nther receiver. This permits frequency domain measurements
to be made throughout the microwave spectrum by driving the circuit under test with
an external signal generator and rieasuring the magnitude of the mixer products at
baseband. The phases of the microwave signals are also preserved and any fluctuations or
phase noise is transferred to the baseband signal. If the driving signal is a clean sinusoid,
the phase noise of the down-converted harmonic is readily apparent and provides a way
to quantify the jitter in the laser pulse train. A typical harmonic spectral component
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contains a delta ft':::.:.: n f, and a phase noise pc,':.- arising from the puis0.-:
pulse timing litter of the laser. For small phase fluctuations, the relative phase noise
power at a given offset from the carrier can be shown to vary as the square of the
harmonic number, n I111. Figure 2 shows a series of harmonic spectra mixed down
to about 10 MHz. These spectra were obtained by applying signals up to 16 GHz
(n = 199) to the transmission line with an HP 8340 microwave synthesizer phase-locked
to the laser mode-locker driver (HP 3325). The growth of the phase noise sidebands
was found to be in excellent agreement with the predicted square-law dependence.

6 log n

, Fig. 2. Laser envelope harmonic

0 'spectral components converted to0. 317/

2 6 ,=- P 10 MHz by harmonic mixing in
16, the electro-optic sampler. Cen-

ter frequency of each component
_ _ _ _ _ _ _equals n x 82 MHz, where n is the

FRE4UENCY (I kHz/dgv) harmonic number.

The power in the phase noise sidebands, PDSB, can be shown to be related to
the r.m.s. timing jitter [11,12]. To calculate the total double sideband power, the
phase noise spectrum is integrated from some low frequency f, near the carrier (nfo)
to some higher frequency f2 where the phase noise power falls to the level of the AM
and Johnson noise. Since the apparent width of the carrier component depends on
the resolution bandwidth of the spectrum analyzer, using a narrower bandwidth allows
lower frequency phase fluctuations to contribute to the total sideband power. Thus, any
calculation of timing jitter using this method must specify the low frequency cutoff, ft.
The expression relating the r.m.s. timing jitter to the carrier power P. and the phase
noise power is

T PDSB Pb(f)

PDSB where PDsB = 2 j df and T = 1lfo,r ,f B

Using a spectrum analyzer with a resolution bandwidth of 10 Hz, we determined
that At,.m.,. < 11 ps for f, > 10 Hz [13]. This suggests that if this pulse train is used
to sample a microwave signal and produce less than, say, 10 degrees phase uncertainty,
the microwave frequency must be below 2.5 GHz.

In spite of this limitation, we used this pulse train to sample an active monolithic
microwave integrated circuit (mmic) at a single frequency to observe electronic distor-
tion. We drove a four stage GaAs FET traveling wave amplifier [14] with a microwave
synthesizer phase-locked to the laser mode-locker driver. We chose an operating fre-
quency that was an exact multiple of the fundamental sampling rate plus one hertz.
Thus, the sampling pulses "walked thrGugh" the driving sinusoid at a rate of one hertz.
By pulse modulating the synthesizer at 10 MHz, a narrowband receiver could be used

for signal-to-noise enhancement. Since the spectrum analyzer we used as the 10
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(a) (b)
Fig. 3. Voltage output of a four stage GaAs FET traveling wave amplifier measured by
electra-optic sampling in the GaAs substrate. (a) Normal drain-source biasing. (b) Re-
duced drain-source biasing demonstrating soft clipping distortion. Frequency Ps 3 GHz.
(Horizontal vs 65 ps/div. Vertical so .2 volts/div.)

MHz photodiode receiver displayed only the r.m.s. value of the sampled waveform, we
injected a small amount of the 10 MHz chopping signal into the input so that it would
sum vectorially with the photodiode signal and produce a true bipolar waveform.

With the synthesizer tuned to approximately 3 GHz, and the TWA biased normally,
we measured the waveform. shown in Fig. 3a by electro-optically sampling the TWA at
the output of its last stage. Then, we re4uced the drain-to-source voltage (VDS) from
+4 volts to + 1.5 volts so that the TWA was operating in the £triode region'. Figure
3b shows the soft clipping on the negative peaks as well as the reduction in gain that
resulted from this bias condition.
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DIRECT ELECTRO-OPTIC SAMPUNG OF phase of the external generator can then be varied with
GaAs INTEGRATED CIRCUITS respect to the laser pulse train to map out the waveform.

The sampling system (Fig. I I consists of a mode-locked
1".4 ,uils Inuegirui elmus Etecaro-opEics Nd:YAG lase producing I 06 Mm. l00ops pulses at an

We report th fis elcr-pi sapln mesrmet 2 M Hz rate. A fibre-grating pulse compressor shortens the
made directlyi withint an Integrated circuit. Using th ektO pulses to 10 ps. increasing the sampler bandwidth.' The beam
opi effect In GaAs. We have 1111111 l prbe th saw- is focused to ID um diameter next to a transmission line on
isal voltage wSafd(1i1 of a 2-12 Gl~z GaAs FIET the TWA. The light is reflected off the metallised back of the
travelling-wave amiplifier integrated circuit driven by a substrate. collected and recollimated with the focusing lens.
microwave signal source, and directed through an analysing polauise on to a photo-

diode. The microwave excitation to the TWA is pulse-
modulated to translate the measurement from DC to 10 MHz.

To characterise GaAs monolithic microwave integrated cir- above the low-frequency amplitude noise of the laser. A spec-
cuits NMIlCsi and very-high-speed digital integrated circuits_________
fully demands noninvasive measurements of the internal
voltage waveforms of the circuits at frequencies exceeding -

50 GHz. Conventional sampling oscilloscopes and network f _____

analvsers have limited bandwidths and cannot probe points ___ __________

internal to an IC without seriously degrading device per-
formance. - ~

Electro-optic sampling of high-speed electronics is moti- - 3-
vated by the ability of laser systems to produce ultrasbort
light pulses; and then. through the electro-optic effect sense - -Y

electrical waveforms- Within an electro-optic crystal, the elec-
trc fields associated with circuit voltages induce birefnngence, -- -

causing a polansation change to incident light. When the
polarisation-modulated light is passed through an analysing- - - - -- - -

polariser. the resulting amplitude modulation is proportional
to the electric field.

Previous sampling experiments1 -' have used a hybrid plu

Fit. 2 264 GHz waceformial ow ae Jim o (Stirsefnte aniro

Fig IEleroopc upnd oe

conncte to a rnmEinln eoie nalectro-optac saluji se

crystal. %hile this approach has demonstrated ery wside Fig 3 4 GH: 'matefoms ont dramn inew oft ravelhnqiqwiit amplifier mea-
bandwidth capabilities. the parasitic reactances associated sue ht elctro)ptic %ajnpliq
with the Jesice-.rsrsab interconnection will significantb. Trace A %ormal drain bias
degradle des ice performance Ait high frequencies. In addition. Tra.e B Reduced drain bias causing soft clipping
points internal to an integrated circuit cannot be probed.

GaAs is itself eliectro-optic. And hence sampling can be per-
formed directly in the substrate Of A GaAs IC Kolner and

Bloom have us ed A longitudinal iteomnetr% to sample the fring-I
ing electric ficldm of a microstrip tran~mission line deposited
on ilit-cut GaAAs We report here the Application of ihis ___________________________
#eometr% to the measurement of micro*Je itnals within A
GaAs FET irasehingt-\*sa'e .impier TV% Ai Because no
citterna! electros-optic r tal.t1 is ..onnected to the Ircult. des Ice
performance i-, unuiistur('CU and artnitrars points Asithin the
,:ircuii .an he prorsedI

Initial demonsirition-s of clectro-sptiL iampiic And of
direct clectrsopt. sampling in (iaAAs1 used A pump-probe
techniiue. Ahere the measured impulse res.ponse asexcited
hv (jit photodesici.s ingitered from A portion of the iame
litht heamt thi prosidcd the iampline pulss For min% cir-
lui SincuocN.' or ~.jujrc\%,i~ei lrom an :%ternal sidnal cencr-
jito Are niore prrriie e't winais than irc -npii~.> irom i

estaLt ll.iro., ,. osi, re the ruik -j''- ______--______________



trum analyer acts as a lixed-trequency receiver to display the pulses as short as I ps. and laser timing jitter as small as
w aetorm. Since the spectrum analyser measures only signal 15 ps have been demonstrated. the potential bandwidth of
magnitude, we inject a reference 10 MHz carrier in phase with the system is several hundred gigahertz. This sampling tech-
the receiver photocurrent to reconstruct a bipolar waveform. nique is adaptable to many high-frequency measurements, is

When an external signal source is used the phase stability of not limited to the transmission-line reflection geometry, and
the laser with respect to this source becomes important. The has application to both analogue and digital circuits. Since
phase noise of many commercial microwave synthesisers cor- vector measurements are possible. this technique forms the
responds to timing jitter of less than I ps. However, initial basis for noninvasive wideband network analysis.
phase-noise measurements5 indicate timing jitter in the order
of 10 ps RMS arising from the laser system. To combat this Acknowledgments: The authors wish to thank G. Zdasiuk of
noise a phase-locked loop was implemented around the laser. Varian Associates for supplying the GaAs FET TWA and for
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limited by the optical pulsewidth of 10 ps. Other resolution
limits include the electrical transit time (ETT) of the signal K. J. WEINGARTEN 15th JuN 1985
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Electro-optic sampling of planar digital GaAs integrated circuits
J. L Freeman, S. K. Diamond, H. Fong, and D. M. Bloom
Stanford Univsity. Edward L Ginzon Laboratory. Stanford California 94303

(Received 22 July 1985; accepted for publication 27 August 1985)

We report a new electro-optic sampling configuration which allows planar digital GaAs circuits
to be probed noninvasively. Our technique employs a novel backside reflecting geometry, in
which a laser beam enters the GaAs substrate from the back and reflects from the circuit
metallization. By combining the clectro-optic effect in GaAs with sub-band-gap (1.06pm)
picosecond pulses from a continuous wave, mode-locked neodymium:yttrium aluminum garnet
laser, we are able to make wide-band voltage measurements within GaAs integrated circuits.
Results are presented of signals measured on the 2-pm-wide on-chip output line ofa medium scale
integrated multiplexer/demultiplexer clocked at 2.6 GHz.

With increasing numbers of medium and large scale in- voltage difference between the two limits of integration--the
tegrated logic circuits that operate at gigahertz frequencies, metal line and the substrate backside--since voltage is just
an urgent need has arisen for measurements of digital wave- the path-independent line integral of the electric field from
forms at various points in such circuits. Conventional sam- one point to another. In high-speed logic circuits, where the
pling oscilloscopes and probe stations have limited band- thickness of the crystal substrate is typicaUy much greater
widths and cannot probe on-chip waveforms noninvasively. than the separation between metal lines on the surface, the
Previous electro-optic sampling systems have used micro- backside is essentially at zero potential and
strip and coplanar transmission line structures in LiTaO3"'2  f E.-dx = V,, (t). The minimum detectable voltage for this
as well as GaAs monolithic microwave integrated circuits geometry is the same as that for the microstrip geometry
(MMIC).3-

4 In this letter, we describe a new approach to which for typical photodiode currents is 22 pV/J9i. 3

electro-optic sampling of GaAs circuits which permits non- Several advantages of this novel approach are evident
invasive, wide-band measurements of voltage levels, inde- when compared with previous electro-optic sampling tech-
pendent of specific conductor geometries, and its recent ap- niques: first, any conductor geometry can be probed since
plication to a high-speed planar medium scale integration the measured value is V.,(t ) for any field configuration; sec-
(MSI) logic circuit. ond, very small, closely spaced points may be examined, li-

In a GaAs crystal the electric field of an applied signal mited only by the spot size of the beam, since the potential
induces optical birefringence specified by an ellipse obtained measured is that on the conductor, and is not influenced by
from the intersection of the plane normal to the direction of the potential on adjacent lines. Both these features are essen-
propagation with the index ellipsoid for the given local field tial to the accurate testing of medium and large scale integra-
configuration.' For GaAs, a crystal of the zincblende (43m) tion circuits.
structure, the ellipsoid takes the form The key components of the measurement system are

(x2 +y + ?)/n' + 2r,,.E. yz + E, xz + Exy) = 1, shown in Fig. 2. Mode-locked 1.06 pm light pulses of ap-(1) proximately 10 ps duration and repetition rate f, = 82MHz

where x, y, and z are along the [1001, [010], and [001] axes are generated from a commercially available neodymium:

respectively, r4 , is the nonzero element of the electro-optic yttrium aluminum garnet laser in conjunction with a fiber-

tensor for 43m crystals, and n, is the index of refraction for grating pulse compressor." The light beam is passed through

GaAs.' In GaAs device fabrication. the most commonly a polarizing beamsplitter cube and focused by a microscope

used substrate orientation is 1001. Hence, in our geometry, objective through a small hole in the integrated circuit car-

shown in Fig. I. light will be incident along [1001 and will rier toa 3m mspot at the GaAs surface. After reflection from

produce an index ellipse described by V V

(y2 + z)/nn +2r,,E. yz= 1. (2)
which has axes y' and z' at 45" with respect to y and z and
values

n ,. -n o + I norE,,E,
(3)

n,. _-no - 1n~r,E,. Probe

Note that in this geometry, only the longitudinal field com- Gaos Crystal
ponent modulates the beam optical properties.

As the optical beam propagates through the crystal (see
Fig. I), the birefringence in 13) introduces a change in phase
between the y' and z' components of the light proportional FIG I New %ampling geornetrN for electr-optically probing planar digital

to f E, dx. This, however, may be recognized as simply the Ga~s integrated clrcuts.
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DIRECT ELECTRO-OPTIC SAMPLING OF ANALOG AND
DIGITAL Gas INTEGRATED CIRCUITS

J.L Freeman, .J. Weingarten, MJ.W. Rodwell, S.K. Diamond, H. Fong, and D.M. Bloom

Stanford University, Edward L. Ginston Laboratory
Stanford, California 94305

electric field along et pith of the beam, -E.d. This,
ABSTRACT however, may be recognized as the voltag difference be-

tween the two limits of integratmn the metal ine and the
We report the fAt electro-optic sampling measurements substrate backside. A ground plu in transmissios line

made directly in integrated circuits. Both monolithic mi- structures ris the lower limit at sero for tha gemtry;
. crowave integrated circuits and medium-cale-intepated hi high speed logic circuits, crystal sbstrae thicknesses

digital circuits operating at gigaheat frequencies have been much great than surface line spacing ese a nae&r-oro
non-invasively probed by combining the electro-optic efect backside reference. This small phase change is then coa-
in GaAs with sub-bandgap (1.06 om) picosecond pules vetted with a polariser to an amplitude modulation which
from a continuous-wave (cw) mode-locked Nd:YAG laser. will aso be proportional to the signal voltage V.1(). By
Digital circuits me probed using a new backside reflect- adjusting the light polarization to be circular, the ampli-
Ing geometry, in which a laser beam enters the substrate tude variation is linearly proportional to the phase change.
from the back and reflects from the circuit metallization. The calculated minimum detectable voltage for these p.
We present measurements made on the 2 pam wide, on-chip ometries is 22#V/V&l for photodlode currents of 10 mA
output line of a multiplexer/demultiplexer clocked at 2.6 (3,4). Several advantages of the backside reflection geom-
Ggs, and on the gate and drain lines of a traveling wave etry in Figure 1 are evident when compared with other
amplifier up to 26 GHs. electro-optic sampling techniques. First, any conductor p.

ometry can be probed since the measured value is V.,(t) for
any field configuration. Second, very small, closely spaced

INTRODUCTION points may be exumined, limited only by the spot-sie of
the beam, since the potential of the conductor is measured

With increasing numbers of integrated circuits operat- independent of the potential on adjacent lines. Both fen-

lag at gigaherts frequencies, an urgent need has arisen for tures are essential to versatile, accurate testing of medium-

measurements of internal waveforms in such circuits. Con- or large-scale integrated circuits.

ventional sampling oscilloscopes, network analyzers, and
probe stations have limited bandwidthz and cannot probe
on-chip waveforms without seriously degrading device per-
formance. Previous electro-optic sampling systems have V V-
used microstrip and coplanar transmission line structures in
LITaO (1,2) and GaA& (3). In this presentation, we present
the first direct electro-optic sampling of GaAs monolithic
microwave integrated circuits, as well as a new approach -
the backside reflection geometry - which permits the prob-
ing of digital circuits and its recent application to a high
speed planar medium-scale-integration logic circuit. Probe

ELECTRO-OPTIC SAMPLING IN GaAs Beam GaAs Crystal

In a crystal of GaAs, the electric field of an applied sig-
nal V.,(l) induces optical bire-ingence. For i1l01 GaAs,
with circularly polarized light incident along 11001 as ,u
Figure I and 2, this birefringence induces a net change in Fire 1: 8ectu1d trcC4ets0 gomtry' or eIefut-opttf-fay probt g
polarization of the ight proportional to the integral of the digitsal GaAs mIPCIS4l CaeutaL

CII 2182-34/0S0000147 SI.00 0 I1I5 IEEE GaAs IC Sympeoium-147
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500 ps/division-
10 ps/div

Figure 4: Electro-opticay smpled serial output vewform of a 2.6
gigahert: mnitiplexev/deunaltiplexer just before the output buffer an*-
pfifier. The paalei input word is 11110100 (bO ... b7). Figure 6: 26 GH& waveform on gate HaU of TWA.

We have applied this system to the measurement of volt- strate, collected and recollmated with the focusing lens,
age waveforms within an S-bit multiplexer/demultiplexer and directed through an analyzing polarizer onto a pho-
(9) clocked at 2.6 GB:. The eight parallel input lines were todiode. The microwave excitation to the TWA is pulse
set by a bank of switches, and the serial output signal of modulated at 10 MHs for detection by a spectrum analyser
the multiplexer on a 2,um wide line leading to the output to display the time waveform.
buffer stage was probed. In Figure 4 we show the electro- Figure 6 shows a signal measured on the gate line of
optically sampled serial waveform that corresponds to the the TWA (11). Although the device bandwidth is 12 GB:,
parallel input word 11110100 (bO ...bV). The relative posi- signals to 26 Gil:, the limit of our microwave source, were
tion of each bit could be confirmed by changing the setting measured. Since the sampler bandwidth is large enough to
of the bit switches and observing the change of the wave- include harmonics of signal in the device's operating range,
form in real-time. waveforms with distortion can be detected. Figure 7 shows

distortion along the drain (output) line deliberately intro-
Monolithic Microwave Integrated Circuits duced by overdriving the input.

The MMIC sampling system (10) is shown in Figure S.
The beam is focused to 10 microns diameter next to a trans-
mission line on the travelling wave amplifier (TWA) (11).-
The light is reflected off the metallized back of the sub-

Pwsc 10 I
18 ps/div

Figure 7. 11 (.lIf waveforms, on dramn I*e of travebm wave amplider
measured by elfttro-optic gamphag Normal waef~irm as 0 4Dm input

Figure 1: Espeuumvetah tesup icr NCiOC meas.,res, power, distored weveform at IS Onm. Voultage trat u~iied.

Gas IC S~nopoium-l419



CHARACTERIZATION OF GaAs INTEGRATED CIRCUITS BY DIRECT ELECTRO-OPTIC SAMPLING

K.J. Weingarten, K.J.W. Rodwell, J.L. Freeman, S.K. Diamond and D.M. Bloom

Edward L. Ginzton Laboratory, Stanford University
Stanford, California 94305

ABSTRACT

i;ith the recent demonstration of direct electro-
:atic sampling of GaAs circuits, a new method to PROBE BEAM
,:naracterize high-speed monolithic microwave and
tigital circuits exists. This technique uses [100]
.,cosecond pulses from a laser to non-invasively
:.robe voltage waveforms at points internal to
ionolithlc circuits with a measurement bandwidth
4a excess of 50 GHz. This paper presents CONDUTR
.,easurements of a GaAs HESFET traveling wave
rDlifier and an 8-bit multiplexer/demultiplexer.

INTRODUCTION

'ecent monolithic microwave integrated circuits P:001]
*1':MC's) and high-speed logic circuits (1-2)
rxceed the characterization capabilities of
conventional test instruments. Sampling oscillo- Figure 1. Front-side reflection geometry suitable

scopes have rise times of 25 picoseconds (ps) for probing WIC transmission line. Typical

.dile network analyzers, with added external conductor width is less than 40 um and

source multipliers and mixers and complex error typical substrate thickness is 100 IW.

correction make vector measurements to about 100
ArGHz. Neither system can probe points internal to

a circuit without serious loading effects.

Ultrashort pulse laser systems, however, can

generate light pulses of less than 10 femtoseconds
duration (3). The electro-optic effect provides a
way to use such short optical pulses to measure V V-
electrical waveforms (4-5). The electro-optic

E effect in GaAs has a response time of about a
femtosecond.

ELECTRO-OPTIC SAMPLING DIRECTLY IN GaAs

Since gallium arsenide is electro-optic an applied
electrical field will induce a small optical Probe
birefringence in the GaAs crystal. Incident light Beam
senses this birefringence by a change in its GaAs Crystal
polarization. A polarizer converts the change in

polarization to a change in intensity. Due to the
nature of the electro-optic tensor in GaAs and the
longitudinal probe -beam geometry used (Fig. 1,
Fig. 2). this change in intensity is proportional
to the voltage across the GaAs substrate (6-8). Figure 2. Back-side reflection geometry suitable

To achieve short temporal resolution, a cw mode- for digital or analog circuits with lumped-element

locked NdYAG/fiber-grating pulse compressor interconnects. Typical conductor width islockd N:YAGftbr-grtin pule cmpresor less than 5 um while substrate thickness is

system (9) producing 5 ps pulses of 1.06 mn light several hundred microns.
is used as the probe beam. Since the photon

17.7 V d'oes
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Figure 7. Serial output word measured internal to
25 ps/div the circuit's output buffer. The clock rate Is

2.6 GHz and the multiplexed word is 11110100.

#r ure 5. Waveforms at the gate of each FET,
-..mbered from input (1) to output (4). Operating
!-2quency is 8.2 GHz, input power is 0 dBm.

20 ps/div 5 ps/div

Figure 6. Distortion at the second FET drain at Figure 8. 20 GHz signals measured at the input of
15 dBm input power. the TWA. The 5 ps optical delay is generated with

a stepper motor.

The circuit used in this experiment was a
-dium-scale integration 8-bit multiplexer/demul-
t,!lexer (MUX/DEMUX) implemented in GaAs
tuffered-FET logic (13). Figure 7 shows a typical
wAveform measured on the serial output line of the
VIA orior to the output buffer stage.
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Electrooptic Sampling in GaAs Integrated Circuits
BRIAN H. KOLNER, STUDENT MEMBER. AND DAVID M. BLOOM. MEMBER. IEEE

(Invited Paper)

Abrac-t-Electrooptic sampling has been shown to be a very pow- device under test and an external electrooptic crystal thus
erful technique for making time-domain measurements of fast elec- allowing noncontact, noninvasive optical probing of GaAs
tromic devices and circuits. Previous embodiments relied on a hybrid
connection between the device under test and a transmission line de- circuits with picosecond time resolution.
posited on an electrooptic substrate such as LThO1 . The hybrid nature In this paper, we review the basic principles of elec-
of this approach leads to device packaging difficulties and can result in trooptic sampling and the factors that influence the ulti-
measurement inaccuracies and performance degradation at very high mate time resolution and voltage sensitivity. Second. we
frequencies. Since GaAs is dectroopltc and an attractive material for discuss methods of noninvasive probing of microwave and
high speed devices, we hav devised an approach of direct eiectroopti digital GaAs integrated circuits by using phase-lock tech-
saimpling of voltage waPeforms In the bot semiconductor. in this paper,ig
wev miew the principles and limitations of electrooptic sampling and niques to synchronize a mode-locked laser to a microwave
discuss thisn moninvashv technique for electronic probing with ap- synthesizer and electrooptically sample a circuit in a man-
plications to characterizing high speed GaAs circuits and devices. ner analogous to a sampling oscilloscope. Finally, we

present the results of measurements made on a GaAs mon-

I. INTRoDuc'roN olithic microwave integrated circuit (MMIC) that demon-

rTrHE speed of solid-state electronic and optoelectronic strates the power and flexibility of this new technique.

.L devices has steadily increased over the years, contin- 11. APPROACHES TO NoNINVASIVE ELECTRICAL
ually challenging our ability to measure them. Indeed, the MEASUREMENTS
improvements in instrumentation have often been driven Most previous electrooptic sampling systems relied on
by these constant advances in device performance. Sam- a hybrid connection between the device under test and a
pling oscilloscopes can resolve risetimes approaching 25 transmission line formed on an electrooptic substrate such
ps. but state-of-the-art transistors employing novel struc- as LiTaO 3 [8], [9], [12]-[14]. The electric field of the
tures have already broken the 10 ps barrier [1] and pho- transmission line was then probed transversely [Fig. 1(a)]
toconductive switches have been demonstrated with sub- with ultrashort optical pulses from a mode-locked laser.
picosecond response times [2]. Although these systems demonstrated outstanding speed

On the other hand, techniques for ultrashort optical and sensitivity, their hybrid nature represents a compro-
pulse generation and measurement have improved at an mise when very wide bandwidth measurements are antic-
even faster rate and, today, light pulses as short as 8 fs ipated. The physical connection between the device under
have been generated [3]. The question of how to utilize test and an LiTaO 3 transmission line will, for example.
these ultrashort light pulses to make electrical measure- introduce parasitic capacitances and inductances that could
ments has been addressed by several workers over the seriously affect the accuracy of the measurement. One ap-
years using a variety of methods [41-[7]. Recently, a new proach that attempted to minimize the effects of this tran-
electrooptic sampling technique, first reported by Vald- sition was to form a coplanar transmission line at the ac-
manis et al., was used to repetitively sample the electric tive device and continue the line to the edge of the
field below a transmission line excited by a photoconduc- substrate where a coplanar transmission line on LiTaO 3

tive switch [8]. Later. Kolner et al. demonstrated a similar with exactly the same dimensions was joined [15]. In this
system which was used to characterize the performance of case, the active device was a photoconductive switch
a 100 GHz bandwidth GaAs Schottky photodiode [9). formed on a Cr-doped GaAs substrate. Although the phys-

We have recently employed this electrooptic sampling ical dimensions of the coplanar lines were exactly
technique to directly probe electrical waveforms propa- matched, the large discontinuity in dielectric constants
gating on a GaAs substrate containing active devices and (e,(GaAs) = 12.3, e,(LiTaQ 3) = 43), implies that a mode
transmission line structures [101. [11]. Our approach mismatch and reactive energy storage effects occur at the
eliminates the need for hvbrid connections between the boundary (161.

Another approach to electrooptic sampling in LiTaO 3
Manuscript received July 16. 1985; revised September 19. 1985 This relied on placing the electrooptic crystal in contact with

work was supported in part by the Air Force Office of Scientific Research (or close proximity to) the transmission line to be sampled
and the Joint Services Electronics Program.

B. N. Kolner was with the Edward L. Ginzion Laboratory. Stanford Urn- [141, [17]. The sampling beam was passed through the
versity. Stanford. CA 94305. He is now with Hewlett-Packard Laboratories. crystal where fringing fields from the transmission line
Palo Alto. CA 94304. produced the phase retardation. Using this method. a sam-

D. M. Bloom is with the Edward L. Ginzton Laboratory. Stanford Uni- p rystae cae position anh o a uw rversity. Stanford. CA 94305. piing crystal can be positioned anywhere on a circuit where

IEEE Log Number 8406315. a measurement is to be made, thereby avoiding a hard-
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IV- V Fig. 3. Schematic diagram ot the electrooplic sampling system used to

Fig. 2. Light intensity versus net phase retardation r or applied voltage V characterize high speed GaAs photodiodes.
for a Pockels cell light modulator. Static retardation r',, shown at quarter-
wave bias point with signal term .r as a perturbation.

they will exactly coincide with the photocurrent waveform
mitted light intensity to the applied voltage and is given produced by a replica of that same pulse. As each pulse
by passes through the electric field beneath the line. it inter-

acts with a small portion of the photocurrent waveform

= sin 2  (i)+ and experiences a modulation proportional to the ampli-
2 )tude of the field there. For a fixed path delay between the

where ro is the static phase retardation and a' is the ad- two beams, the pulses "sample" only one portion of the

ditional retardation induced by the applied electric field waveform and thus the average power in the sampling beam
(ig.2)Theotatcph retardation inducedytheapplays ea it is constant. Now. if the delay is adjusted so that the sam-(Fig. 2). The static phase retardation plays an important pling beam path is slightly longer, then the sampling pulses
role as the operating point or "bias point." In order to will arrive at the transmission line a little later and inter-
maintain the most linear relationship between the applied act with a later portion of the photocurrent waveform. As
voltage and the transmitted light intensity, the modulator arslteaeaepwri h apigba ilb

mustbe iasd suh tat o - r/2 Ths pont s u a result. the average power in the sampling beam will bemust be biased such that P0 = r/2. This point is usually different, representative of the magnitude of the photo-
referred t3 as the quarter-wave bias point because it cor- current at that later point in time. By adjusting the relative
responds to a net quarter wave of phase shift between the currentha bte pon entaeoB adjsting eativ
two polarization components of the optical beam. The the equivalent impulse response exctai high speed photo-
voltage required to switch the modulator from the "off"' diode is mapped out in terms of the average sampling beamto the "on" state is similarly known as the half-wave power exiting the Pockels cell.
switching voltage (V,) and corresponds to a total retar- Adjustment of the relative path delay can be accom-
dation of ir radians. Thus, at the quarter-wave bias point. plished in several ways. The most common method is to
we can write (1) as mount a cube-corner reflector on a mechanically driven

Io (0 + n stage and route either beam through it. An alternative ap-

2 + sin ) 2 + sin (2) proach is to use a spinning prism assembly in which the
beams are refracted through varying path lengths. This.

The basic components of an electrooptic sampling sys- however, requires a greater length of glass, producing dis-
tem are illustrated in Fig. 3. In this arrangement, the im- persion as well as linearity problems. Another solution is
pulse response of a high speed GaAs Schottky photodiode to use two picosecond light sources running at slightly dif-
is to be measured. The photodiode has been connected to ferent pulse rates. The sampling pulses constantly "walk"
a microstrip transmission line deposited on an electrooptic through the excitation pulses and no moving parts are re-
crystal which, together with a polarizer and orthogonally quired. Regardless of the approach. the rate at which the
oriented analyzer, constitutes the Pockels cell light mod- measured waveform is acquired determines the bandwidth
ulator. A train of picosecond optical pulses from a mode- presented at the sampler output. As we will see, most of
locked laser is split into three beams with the first beam the system noise contributions have uniform power spec-
incident on a scanning autocorrelator used for laser diag- tral densities, thus narrower bandwidths and slower scan
nostics. The second, lower beam is used to illuminate the rates give higher signal-to-noise ratios.
photodiode under test which injects a current pulse onto Fig. 4 shows a detailed view of the interaction between
the transmission line with each optical pulse. If the du- the propagating microwave field E.(x. y. z. ) and the op-
ration of the optical pulse is short compared to the impulse tical sampling pulse 1(x. y, ., t). In this diagram. a mi-
response of the photodiode, then the propagating electric crostrip transmission line supports a +y-propagating clec-
field represents the photodiode impulse response. A high tric field interacting with a +x-propagating sampling
frequency electrooptic modulator has been included in the pulse. A variable time delay r is included in the arrival
excitation path to put modulation sidebands on the pho- time of the sampling pulse. The output signal intensity
tocurrent so that a narrow-band receiver can be used to ,,1(t, r) represents the sampling pulse profile after being
improve the signal-to-noise ratio (Section IV). The re- affected by the field-induced phase retardation. When there
maining pulses in the upper beam are routed through a is no overlap between the fields, /,,(t, T) = 0. Since the
delay leg so that when they arrive at the transmission line, slow photodiode measuring the sampling beam power can-
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where -nL/c is the optical transit time through the trans- laser pulse to drive the photodiode as well as to measure
mission line electric field. its response. We saw that the sampling system impulse

response was a cross correlation between the spatial pro-
B. Electrical Transit Time Effect files of the traveling electric fields and the sampling optical

The OTT accounted for the degradation of the impulse fields. When the transmission line is driven by a photo-
response due to the sampling beam propagating across the diode, the voltage on the line is the convolution between
width of the transmission line and the resultant impulse the excitation pulse I() and the photodiode impulse re-
response was calculated by assuming that all fields had sponse h(t). Thus, we can write the sampler output signal
inifinitesimal spatial and temporal extent except for the as
width of the transmission line field. The electrical transit
time effect (ETT) accounts for the degradation of the im- Vt) = 1(t) * [1(t) * h(t)] (16)
pulse response due to the electrical waveform propogating where * indicates cross correlation and * indicates con-
across the radial profile of the sampling beam. In order to volution. Since the operations of convolution and corre-
calculate the ETT, we assume that all fields are infinites- lation are associative 1251, we can rewrite (16) as
imal except for the radial profile of the sampling beam. V(t) = [1(t) * Iq)J * h(t). (17)
From (3) the impulse response becomes

U()r-r = 1(0, L'.T, 0). (9) Hence, we find that the system response is given by the
convolution of the autocorrelation function of the laser

This time, the beam waist profile in the y direction is pulse [1(t) * 1(t)] with the photodiode impulse response.
mapped as a function of the time delay r. If we assume a Since we have an independent method of measuring the
lowest order Gaussian mode with spot size 2w, the im- autocorrelation function using second harmonic genera-
pulse response can be written tion 1261, we can deconvolve the contribution of the opti-

( 2" (1 cal pulse width. The deconvolution can easily be carried
U(')r = exp (10) out using Fjrier transform techniques: however, noise

\ wwill be introduced into the calculation at very high fre-

where eff is the effective dielectric constant of the trans- quencies where both the measured waveform spectrum and

mission line. The pulse width at half maximum is the autocorrelation spectrum have rolled off considerably.

ET -r = AIn2efr (I1) D. Practical Resolution Limitations

c We can now calculate the transit times in the sampling

and, by applying a Fourier transform. we obtain a Gauss- system for a typical microstrip transmission line on a GaAs

ian frequency response with -3 dB bandwidth MMIC. Using the parameters

In,2 h = 100 Am (substrate thickness)

f-3da - e _ 7W (12) w = 5 usm (beam radius)

C. Optical Pulsewidth Limit n = 3.5 (optical index)

The effect of using a finite time width sampling pulse (eff 2 9 (effective dielectric constant) (18)

on the system resolution is intuitively obvious. The time
duration of the sampling pulse is a finite "window"
through which all field measurements are made. Again, if 17 = 2.3 ps f-3d,f = 190 GHz
we assume all dimensions shrink to infinitesimal values
and apply the sifting property to (3). the impulse response ArErT = 60 fs f-3e,1 = 5.3 THz. (19)
due to a finite optical pulsewidth (OPW) is The optical transit time effect dominates because of the

U(T)opw = 1(-v,7, 0. 0). (13) high index of GaAs and the double pass through the sub-
strate.

As expected. the optical envelope is mapped out via the In principle, there is a way to reduce or eliminate the
time delay r. For a Gaussian time waveform with pulse- transit time effects. If a component of the microwave group
width To (FWHM) the impulse response is velocity can be matched with a similar component of the

U(r)opw = exp (-4 In 2(r/ro)). (14) sampling beam, at least one of the transit times can be
eliminated [8]. In Fig. 4, if we tilt the sampling beam with

Transformation to the frequency domain yields a system respect to the transmission line, the y-component of the
bandwidth of group velocities can be matched and the optical transit time

0.441 effect disappears. This technique is effective in the trans-
f-3d&,, = - (15) verse LiTaO1 sampler but in GaAs the microwave and op-

tical velocities are nearly the same and the sampling beam

There is an interesting consequence of using the same would have to be tilted below the critical angle, thus pre-

_ . . . . . . . -.
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where, for convenience, we assume the device produces a 4O
sinusoidal signal at a frequency w,. Vo is the peak voltage
on the line and m is the modulation index. Notice that this 3
is an asymmetrical driving function: the'deviation from
static retardation -

X 2v(t) to
Ar = i r 1" V"-(31)

u 1

is positive only. It Ifn
Combining (29)-(31) we can write the total photocur- 0 L

rent as ,r/2 ir

i. = 1 - cosl'o + r LI - msin:- t sinro• STATIC RETARDATION re
2 V. \2Fig. 6. Signal-to-noise ratio versus static phase retardation r,, for various

photodiode load resistances. Curves are drawn for GaAs assuming I V(32) on the transmission line. a maximum receiver photocurrent of 20 mA

By expanding the sin 2 term. we can separate out the av- and a bandwidth of I Hz.

erage term and the time varying term since they contrib-
ute to the received noise power and signal power. respec-
tively.

i. 3 =L[ -cosro + i" 1 I - 2sinro (33)
v0~ : 2,.In

i29 - m ni T - cos wt sin ro. (34) '

If we assume that the modulation index is maximum (m
= 1), then the mean-square shot noise current density is t0-_

sr/2 I

iv = 2qiv, i qio 1 - cos r0 + - -O sin ro (35)
S qaV 3  1~\~ 2V. STATIC RETARDATION ro

and the mean-square signal current is Fig. 7. Minimum detectable voltage V, versus static retardation r. for the
same load resistances as in Fig. 6. Curves are drawn for GaAs assuming

2 a maximum receiver photocurrent of 20 mA and a handwidth of I Hz.
i2sin' r. (36)36 arises as a contribution to the average current (and hence

the shot noise) because of the asymmetrical modulation ofWe can now write the signal-to-noise ratio as
the transmission line waveform (i.e.. the voltage on the

i2o r 2 transmission line is always positive so the average optical
SIN s Z power is increased). The magnitude of this term is onlysignificant for very large values of V0/V, (> 1O-3) and

sin- ro then it only makes a difference for very small values cf
(37) r 0 . Calculations show that when Vo/V , is increased fromi0 ! - cosr0 + 1Lo sin F0) + 4UT/qRL 10- to 10-', the coefficient to the right of (Vo/V,) 2 in (37)

is reduced by half. However. the total signal-to-noise ratio

We have purposely left the static retardation Ir0 as a free has increased by 0.5 x 106 and. hence, this effect can be
parameter in this equation so that we may study its effect neglected (recall that for typical signals, V0 << V,).
on the signal-to-noise ratio [27]. Fig. 6 displays (37) plot- With this approximation in mind. we set (37) equal to
ted as a function of r0 with various values of RL from 1 0 one and solve for voltage Vm, which represents the mini-
to 10K 0 including RL - o. We see that when shot noise mum detectable voltage (normalized to 1 Hz bandwidth).
dominates (RL -. on). the signal-to-noise ratio improves
by a factor of two as ro -* 0 compared to operating at the V 8 V,_!q io sin_ _P/2 4- 2kTqR V
quarter-wave bias point r 0 = ir/2. However. as Io is re- =0 io 'r sinl' r-
duced. so is the signal. If a finite load resistance is in- (38)
cluded. at some point the Johnson noise will be compa-rable with the signal and the signal-to-noise ratio will It is interesting to explore the variation in the minimum
reduce as Po is reduced. This trend is evident in Fig. 6. detectable voltage with Po . This is presented in Fig. 7

The factor irVo/2V, sin "0 in the denominator of (37) where V,, is plotted versus ro for the same load resis-
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where d is the beam diameter and e is the dielectric per- 0 0 0
mittivity. In our sampling geometry where the probe beam0
enters through the top of the (100) grown GaAs wafer and 0 0
reflects off the ground plane. d is replaced by the substrate 0 0 0
thickness h and (46) becomes rr,,, = (49)

r41  0 0

VMt= !!L4 1(t) (47) 0 r,, 0
C0 

0 r4l

where 1(t) is the intensity envelope of the sampling pulse. When an electric field is applied to the crystal. a bire-
For simplicity, we assume 1(t) is triangular in shape with fringence is induced and the Initially spherical index ellip-
pulsewidth r and peak value 10. Solving (45) with (47) as soid is distorted. The intersection of the index ellipsoid
the driving function results in a peak voltage and a plane normal to the direction of optical propagation

3  Rdefines an ellipse whose major and minor axes give the
V0(0) = nr-h Io RC [I - exp (-T/RC)] (48) allowed polarization directions and the associated indices

ec 7 of refraction. For GaAs, the ellipsoid is described by

appearing on the transmission line. Thus, using the fol- X2 + Y2 + 2

lowing parameters appropriate for a 100 um thick GaAs no(
MMIC where x, y, and z are parallel to the crystallographic axes

r41 = 1.2 x 10- ' 2 m/V [100]. f010], and [001], respectively.
The most common orientation for GaAs wafers in the

n = 3.44 integrated circuits industry is (100) (i.e., the normal to
d = 10 Am the wafer surface is in the [100] direction) [32]. Since the

most convenient geometry for optical probing is one in
= 12.3 x eo which the beam enters the wafer normal to its surface, we

investigate the index ellipse for [ 1001 propagation. In the
=0- 6.4 x 10 W/cm- x = 0 plane, we have

RC = 2.1 fs V2 + Z2

- . + 2r41EIyz = 1 (51)
r = 5 ps no

h = 100 Am which has principal axes y' and z' at 450 with respect to
y and Z and corresponding indexes [33]we calculate a peak voltage of

Vo(0) = 41 MV. n, = no + ' r 4 1 E.

This is very small compared to typical voltages to be n' - no r4 E,. (52)
measured in the electrooptic sampler, yet it is comparable
to the minimum detectable voltage in a 1 Hz receiver Note that for light incident along x. only the x component
bandwidth. It is interesting to note that this signal is being of the applied electric field contributes to the induced bi-
produced at the same rate as the sampling pulses and if refringence. Thus, for an arbitrary electric field distribu-
the waveform being measured has a chopping-frequency tion in a (100) wafer of GaAs, the single pass phase retar-
component, then the optical rectification signal will never dation is given by
be detected. 2r(

In spite of the weak effect, optical rectification from r nor4i V, (53)
femtosecond pulses is currently being investigated as a
source of far-infrared radiation for transient spectroscopy where VI: is the potential difference between the front and
in a series of elegant experiments by Auston er al. [30] back side of the wafer. For the microstnp transmission
and Cheung and Auston [311. line geometry of Fig. l(b), a focused beam of light which

enters the GaAs wafer at a point adjacent to the top con-
ductor arn, reflects from the ground plane experiences a

V. ELECTROOPTIC SAMPLING IN GaAs round (rip retardation of

A. Electrooptic Effect in GaAs 4r r (54)
r =-- no r4 i (4

Gallium arsenide belongs to the cubic zincblende group
with crystal symmetry 4 3m. The electrooptic tensor for where V is the potential of the top conductor.
this group has the form For light propagating along x. the result of (53) is com-

,* .4b *~'. . . . .- , ., -
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beam (Fig. 10). Because the excitation pulses were de- OUBLING oICMAOICCRYSTAL KAMSPLITTER
rived from the sampling beam. this method is free from '.06 ms f,. "L - - _06

timing jitter.
.532 .n

D. Experimental Results WAVEPLATE rECEIVER

1) GaAs Reflectance Modulator: The first step toward
demonstrating a high speed sampling system in GaAs was Ao _ ORZER
to demonstrate a basic low-frequency electrooptic modu- MODULATOR

lator [441-[46). Choosing the longitudinal interaction ge-
ometry as a test case. a simple reflectance modulator was
constructed in order to verify the sensitivity of the fring-t60*, Ga,, MCRos1,P

ing field interaction. "0o7o00O1 TRANSMISSION LINE

At 1.5 mw HeNe laser operating at 1.15 Am was used Fig. I. Schematic diagram of an electrooplic sampling system for direct
as the infrared source. The linearly polarized output was probing in GaAs substrates.

converted to circular polarization with a Soliel-Babinet
compensator adjusted for quarter wave retardation. The
beam was focused with a standard 5 x microscope objec-
tive onto a GaAs wafer adjacent to a microstrip transmis-sion line where it entered the crystal and reflected off the
ground plant on the back side. After the beam exited the

crystal, the microscope objective recollimated it parallel 60 a/d,
to the incident beam and slightly displaced where a mirror Fig. 12. Impulse response of a S0 Im diameter GaAs photodiode meaured
directed it to the analyzer and photodiode. The transmis- by electrooptic sampling of a GaAs micrutnp transmission line (hore-

sion line was driven with a sine wave generator with 1 V zontal: 51) psidiv; vertical: - 10 mV/divi.

peak-to-peak amplitude at a frequency of I kHz.
Taking into account the 30 percent Fresnel reflection of The experimental set up is indicated schematically in

the incident light from the surface of the GaAs. we mea- Fig. 11. It functions in an identical manner to the appa-
sured a half-wave switching voltage of 10.5 kV. This is a ratus shown in Fig. 3. but with a different optical source.
factor of two high and the error may have to do with the Instead of a synchronously pumped dye laser, we used a
nature of the distribution of the fringing fields (i.e.. the Spectra-Physics model 3000 Nd: YAG laser in conjunction
potential is lower immediately adjacent to the transmis- with a model 3600 pulse compressor to produce a train of
sion lines). Also, if a large spot size is used and is cen- 5 ps pulses at a rate of 82 MHz. The doubling crystal was
tered on the fringing field, some of the beam might be KTP and an acoustooptic modulator was used to chop the
reflected by the top conductor of the transmission line, excitation beam at 20.9 MHz. Fig. 12 shows the impulse
reducing the electrooptic interaction, response of a 50 $&m diameter GaAs Schottky photodiode

As the optical beam was moved away from the trans- [471 measured with this system.
mission line. the signal diminished as expected due to the 3) MMIC Testing: The real power and flexibility of our
local confinement of the electric fields. However. when an sampling approach can be demonstrated best when ap-
additional visible HeNe laser (X = 632 nm) was used to plied to measurements made in complex integrated cir-
flood-illuminate the surface of the GaAs in the vicinity of cuits. Weinganen and Rodwell have sampled the output of
the sampling beam. the signal returned to its original a four stage GaAs FET traveling wave amplifier (TWA.
value. This suggests that a conductive surface is being courtesy of G. Zdasiuk. Varian Associates). measuring
photogenerated and that charge from the transmission line electronic distortion induced by changes in the power sup-
is accumulating there, reestablishing an electric field in ply bias Il], [481. In this experiment, instead of driving
the sampling beam. The photoconductive surface may play the device under test with a photodiode. it was connected
an important role in future measurements because it can to a microwave synthesizer (HP 9340A). phase-locked to
be used to optically alter, or introduce, new conductive the laser mode-locker driver and operating at a fixed fre-
patterns on any GaAs wafer. This might be useful for in- quency. The frequency was chosen to be an exact multiple
troducing known reflections as timing markers in time do- of the fundamental sampling rate plus I Hz so that the
main reflectometry measurements, or. as a way of rapidly sampling pulses walked through the driving sinusoid at a
designing new transmission-line structures without inter- rate of I Hz. Pulse modulating the synthesizer at 10 MHz.
mediate processing steps. allowed a narrow-band receiver to be used for signal-to-

2) Photodiode Characterization: In this experiment, noise enhancement. Since the spectrum analyzer used as
we measured the impulse response of a GaAs photodiode the 10 MHz receiver displayed only the rms value of the
that was excited by the second harmonic of the sampling sampled waveform a small amount of the 10 MHz chop-
beam [101. Although the photodiode made a hybrid con- ping signal was injected into the input so that it summed
rection to the GaAs microstrip transmission line. the prin- vectorially with the photodiode signal to produce a true
ciple of excitation and sampling of an active GaAs device bipolar waveform.
was demonstrated. With the synthesizer tuned to 4.1 GHz and the TWA

I%|
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Fig i Relative growth of phase nose power as a lunion of harmonic
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16 hand. we can deduce the extent of the timing fluctuations
because the total power in the phase noise sidebands. PDS,

_can be shown to be related to the rms timing jitter 1501.
RNeOuc , [511. To calculate the total double side-band noise power.

Fig. 17. Las envelope harmonic spectral components down-wcoverted to the phase noise spectrum is integrated from some low fre-
10 MHz by harmonic mixing in the eiectroopc saumpler. Center ffe- quency f, near the carrier (no) to some higher frequency

quenc,/ a( each compoent equals n x 82 MHz. whee ous the hsrmonicnume. f2 where the phase norse falls to the level of the AM and

Johnson noise. Since the apparent width of the carer

16. It consists of a delta function at nf0 and a phase noise component depends on the resolution bandwidth of the

pedestal arising from the pulse-to-pulse jitter. For small spectrum analyzer, using a narrower bandwidth allows f,

phase fluctuations, the relative phase noise power can be to move closer to the carrier and lower frequency phase

shown to vary as the square of the harmonic number n fluctuations to contribute t the tota side-band power.

(501. The phase noise-to-carrier power ratio for a given Thus, any calculation of timing jitter using this method
must specify the low frequency cutofff,. The expression

sinusoidal component of the noise is given b relating the rms timing jitter to the carrier and phase noise

Pb . (noo)5) powers is
-. 2

where 41,n T 2 p. (56)

P1 - phase noise power at some offset frequency where

P .= carrier power 1, p -(f)

wo - 2t x sampling rate PD5 - 2 (57)

TO = peak timing jitter at frequency of P. and B = spectrum analyzer resolution bandwidth and T
Slfo.

Fig. 17 shows a series of harmonic spectra from the In our experiments we used two spectrum analzer
mode-locked and compressed Nd: YAG laser mixed down bandwidth settings. In the first case with the bandwidth B
to 10 MHz. To obtain these spectra. signals up to 16 GHz - 10 Hz. the low-frequency cutoff f ranged between 10
(n - 199) were applied to the transmission line from a Hz and 32 Hz. In the second case. 8 - 30 Hz and f,
microwave synthesizer (HP 8340A) that was phase-locked varied from 105 Hz to 150 Hz. The upper frequency limit
to the mode-locker driver (HP 3325A). The growth of the f. was typically I kHz-2 kHz.
phase noise sidebands is clearly evident. By measuring the The rms timing jitter calculated from the phase noise
relative intensity of the phase noise and plotting it against spectra and (56) is plotted in Fig. 19 for five harmonic
the actual frequency of the harmonic (nfo). the rate of side- components from n = II to n = 98. Although there is a
band growth can be compared to the theory In Fig. 18. spread of several picoseconds in the jitter for each of the
these data are plotted on a log-log graph against a slope two resolution bandwidths. the slopes connecting the two
- 2 line. The data follow the square-law dependence well data points of each harmonic number are nearly the same.
with the deviation at the high end assumed to result from indicating a similar trend in increasing jitter as lower fre-
the higher modulation index causing a nonlinear departure quency components are included. The data suggest an up-
from the small-signal theory. per limit of II ps rms jitter for fluctuation frequencies

With a picture of one of the spectral components in above 10 Hz We have not yet identified the source of the
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Gate Propagation Delay and Logic Timing of GaAs Integrated

Circuits Measured by Electro-Optic Sampling

M.J.W. Rodwell, K.J. Weingarten, J.L. Freeman,

and D.M. Bloom

Edward L. Ginzton Laboratory

Stanford University

Stanford, CA 94305, USA

Abstract: We report techniques for measuring internal switching

delays of GaAs digital integrated circuits by electro-optic

sampling. Circuit propagation delays of 15 ps are measured. A

new phase modulation technique which allows testing of sequential

logic is demonstrated with the measurement of a 2.7 GHz 8-phase

clock generator.
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(2)

We have used the system to measure the edgespeed and

propagation delays of GaAs buffered FET logic (BFL)

combinational logic. To accurately measure the transition times

and the shape of the switching waveforms, the impulse response of

the sampling system must be short and free of "wings" (long

duration substructure), which would introduce tilt into the

measured waveforms. By using 1 km fibre in the pulse compressor,

significant group velocity dispersion is introduced, producing a

more linear frequency chirp; the resulting compressed pulses are

of 2 ps duration and are free of wings [6), giving a Fourier

transform 3 dB frequency of 100 GHz . Other time resolution

limitations, including the optical transit time [4) and the 2 ps

laser timing jitter, further limit the bandwidth to about 70 GHz.

Laser timing drift can cause errors in gate propagation delay

measurements. The laser timing stabilizer reduces this drift to

about 1 ps/minute. Automated positioners are used to scan rapidly

between probed points, reducing the drift bet4ween measurements

to less than 1 ps.

To acquire measurements rapidly requires low instrument noise.

In addition to shot noise, the laser has 80 dB excess

low-frequency amplitude noise, while the compressor generates

excess amplitude noise which is correlated to Raman scattering in

the fibre. In contrast to shorter fibres, with the 1 km fibre we

attain 50X pulse compression at power levels below the threshold

of the Raman process. This occurs because self phase modulation

occurs over the entire length of the fibre while the interaction

' .r



(4)

use a small-deviation phase modulator driven at 10 MHz. The

photocurrent received then has a component at 10 MHz proportional

to the derivative of the sampled point on the circuit waveform.

The receiver detects and integrates the 10 MHz component to

reconstruct the waveform. The phase modulation must be less than

1 radian of the highest waveform harmonic of interest if less

than 1 dB of attenuation of this harmonic is to be incurred.

Because of this limitation, and because of the signal

integration, measurement noise is increased, being proportional

to the square of the number of recovered harmonics, rather than

in direct proportion. Acquisition times are on the order of 1

second.

We have use the phase modulation technique to probe the

8-phase counter/clock generator waveforms in a GaAs BFL

8-bit multiplexer/demultiplexer (8) clocked at 2.7 GHz (fig. 3).

Because the multiplexer cycles on both the rising and falling

edges of (in this case) an assymmetrical input clock, the 8

phases of the counter are unevenly timed.

In conclusion, we have used electro-optic sampling to measure

propagation delays and timing of GaAs logic. The sampler, whose

bandwidth we estimate at 70 GHz, has been used to sample signals

as high in frequency as 40 GHz (fig. 4); thus risetimes as small

as 5 ps can be resolved. The external synchronisation and phase

modulation techniques allow accurate testing of combinational and

sequential logic with the circuits operating in their normal

mode, being driven with complex repetitive digital sequences.
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Internal Microwave Propagation and Distortion Characteristics of
Travelling-Wave Amplifiers Studied by Electro-Optic Sampling

M.J.W. Rodwell, M. Riaziat* , K.J. Weingarten, B. A. Auld and D.M. Bloom

Stanford University, Edward L. Ginzton Laboratory
Stanford, California, 94305

*Varian Research Center, 611 Hansen Way, Palo Alto, California, g4303

Abstract

The internal signal propagation and saturation characteristics of two monolithic microwave

travelling-wave amplifiers (TWA) are measured by electro-optic sampling. Gate and drain-

line responses are compared with theory and simulation, leading to revisions in the FET

models. Drain voltage frequency dependence and harmonic current propagation together

lead to more complex saturation behavior than is discussed in the literature.
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measuring the voltage on microstrip and coplanar transmission lines are shown in figures

I and 2, respectively.

Figure 3 shows the sampling system. A mode-locked Nd:YAG laser is driven at 82

MHz, producing optical pulses of 1.06 pm wavelength and 100 ps duration. A fiber-

grating pulse compressor reduces the pulse duration to 2 ps and a phase-lock-loop feedback

timing stabilizer reduces the laser timing jitter to 2 ps. The probe beam passes through

a polarizing bearnsplitter and a waveplate and is focused adjacent to or on the conductor

of interest for the microstrip or coplanar geometries, respectively. The reflected light

passes back through the polarizing bearnsplitter, where one polarization is directed onto a

photodiode connected to a receiver.

The circuit under test is driven by a microwave synthesizer whose output is pulse

modulated at 10 MN-fz to allow synchronous detection at this frequency. If the microwave

synthesizer is tuned to exactly the Nth harmonic of the laser pulse repetition frequency,

the same point on the circuit waveform will be sampled every N cycles. The microwave

frequency is then offset 10-100 Hz to map out the waveform at this rate. In this way the

sampler operates as a sampling oscilloscope. To use the sampler as a network analyzer,

we remove the pulse modulation, offset the microwave frequency by 10 MHz and replace

the receiver with a narrowband 10 MHz vector voltmeter. Using the sampler we have

investigated the causes of bandlimiting and gain compression in two microwave TWA's.

Amplifiers Tested

In a distributed amplifier, a series of small transistors are connected at regular spacings

between two high-impedance transmission lines (Fig. 4). The high-impedance lines and

the FET capacitances together form synthetic transmission lines, generally of 50 ohm

characteristic impedance. Series stubs are used in the drain circuit, equalizing the phase

velocities of the two lines and, at high frequencies, providing partial impedance matching

of the drain output impedances and thus increasing the gain. By using small devices at

small spacings, the cutoff frequencies due to the periodicities of the synthetic lines can be

made larger than the bandwidth limitations associated with the line attenuations arising

3



in strong frequency dependence of the drain voltages (Fig. 9); this can be predicted by

simple analysis.

Drain Voltage Distribution

After Ayasli [71, if the wavelength is much greater than the spacing between the FET's,

the synthetic lines can be approximated as continuous structures coupled by a uniformly

distributed transconductance. The lines then have characteristic impedances and phase

velocities given by the sum of distributed and lumped capacitances and inductances per

unit length [71; the line impedances (Z.) and velocities (Vp) are generally made equal. The

lines then have propagation constants given by:

22 .Zo
'Yd -- I 21 + iw/vp

(:1) ZoGd,
-/ d a Od +i d' 2-' + j /Vp

Where I is the FET spacing, CO, is the gate-source capacitance, r. is the gate resis-

tance. Gd, is the drain-source conductance, and a forward propagating wave is of the form

e - z. The voltage along the drain line is

Vd(z) = Z°gmvi e- I# - ( e' )_  + -e})(z-n)

21 Y-7 Y+ t

(3)

where n is the number of FET's, gr. is the FET transconductance, Vj is the input

voltage, and z is the distance along the drain line, with the origin located at the drainline

reverse termination. Ignoring line attenuation, (3) becomes:

__ 9 ZgVm. + sin(2 (nl - z)) sin2 (3(nl- z))
21 +3 + 42

(4)
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and if the drainline reverse termination is omitted and the output load resistance

Zold set at:

Zload -" K/ni

(6)

then the voltage along the drain line will be uniform:

Vd(z) = -ng,,g1oadVe
- ' / v "

(7)

The drainline voltage is uniform and in phase with the gateline voltage, allowing

simultaneous saturation of all FET's and thus maximizing the output power at saturation.

In the uniform drain line case, as is shown by equation (3) and by Figure 5, the reverse

wave on the drain line complicates the problem; the drain voltages are equal only at low

frequencies, and, by equation (3), the reverse wave introduces a phase shift between the

gate and drain voltages of each FET. Thus, in the uniform drain line case, neither the

conditions for simultaneous saturation of all FET's nor the conditions for simultaneously

reaching all saturation mechanisms in a given FET can be met.

The 2-18 GHz microstrip amplifier has I dB gain compression at 7 dBm input power,

and is not optimized for maximum power output; the lines are not tapered and the bias is

such that drain saturation occurs first. At 3 GHz, the small-signal voltages at the drains

of the last three devices are approximately equal, thus clipping occurs simultaneously at

these three devices (Fig. 13).

At 10 GHz the distortion at the I dB compression point is complicated by phase shifts

between the 10 GfIz fundamental and the 20 GHz generated harmonic currents (Fig. 14).

The 10 GHz small-signal voltage at drain 5 is 1.5 dB larger than that at drain 4, thus F7T7

5 saturates more strongly. The 20 G1tz harmonic current generated at FET 5 produces
equal forward and reverse drain voltage waves at 20 Ghz. With 10 ps line delay between .-1

drains 4 and 5, the 20 Gllz reverse wave from FET 5 undergoes 20 ps relative phase delay (
which is 72 degrees of a 10 GHz cycle) before combining with the the 10 Gllz forward wave

7

'¢4 ',':,2 ; .: 1 .--; .. ;'; .. : z ; ; .; ( ?x '_, = ",,v:..?-. '.-..,, -' =., .,'- .".'_1"



(11 Kolner, B.H. and Bloom, D.M.: "Electro-Optic Sampling in GaAs Integrated Circuits",

IEEE J. Quant. Elec., vol. -22, Jan. 1086, pp. 70-93.

[2] Weingarten, K.J., Rodwell, M.J.W., Heinrich, H.K., Kolner, B.H., and Bloom, D.M.:

"Direct Electro-Optic Sampling of GaAs Integrated Circuits", Electron. Lett. 1085, 21,

pp. 765-766.

[3] Freeman, J.L., Diamond, S.K., Fong, H., and Bloom, D.M.: "Electro-optic sampling of

planar digital integrated circuits", Appl. Phys. Lett., 1985, 47, pp. 1083-1084.

[41 Valdmanis, J.A., Mourou, G.A., and Gabel, C.W.: "Subpicosecond Electrical Sampling"

IEEE J. Quant. Elec., vol. QE-lO, Apr. 1083, pp. 664-667.

[5] Bever, J.B., Prasad, S.N., Becker, R.C., Nordman, J.E., and Hohenwarter, G.K.:

"MESFET Distributed Amplifier Design Guidelines', IEEE Trans. MTT, vol. MTT-32,

March 1984, pp. 268-275.

[61 Riaziat, \v., Zubeck, I., Bandy, S., and Zdasuik, G.: "Coplanar Waveguides Used in 2-18

GHz Distributed Amplifier", to be published, 1086 IEEE MNTT-S International Microwave

Symposium, Baltimore, MD.

[7] Avasli. Y., Mozzi, R.L., Vorhaus, J.L., Reynolds, L.D., and Pucel, R.A.: "A Monolithic

GaAs 1-13 GIlz Traveling-Wave Amplifier" IEEE Tran. MTT. vol MTT-30, No. 7, July

1082, pp. 976-081.

[81 Ayasli, Y., Reynolds, L.D., Mozzi, R.L., and [lanes, L.K.: "2-20 GI-z GaAs Traveling- S

WVave Power Amplifier' ibid., vol. MITT-32, no. 3, March 10984, pp. 200-205.I

[91 Ladbrooke, P.H.: "Large-Signal Criteria for the Design of GaAs FET Distributed Power

.Amplifiers"' 
IEEE Trans. on Electron Devices, vol. ED-92, no. 9, Sept. 1985, pp. 1745-



Sflflrn- -0

0

01

z
0 /

cr
m Z

LJ z
1000

0
* II z

o o 4-.
CD



0

a.0

00

CC)

N &



-V0:

*el W .

**a.~oil"

tip



V U,)

) N



LO N

./000, )

L In

LLO

J6..



N~N

.~ \%

'ID

IVI

I I I I

vo V



ks.0



:3
U'
-g
'U

______ __I

)



Electrooptic Sampling of Gallium Arsenide Integrated Circuits

K.J. Weingarten, M.J.W. Rodwell, J.L.Freeman,

S.K. Diamond, and D.M. Bloom

Edward L. Ginzton Laboratory

Stanford University

Stanford, CA 94305, USA

ABSTRACT

We report on electrooptic sampling with emphasis on measurements

made directly to both analog and digital gallium arsenide

integrated circuits to millimeter wave frequencies.
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Electrooptic Sampling of GaAs Integrated Circuits

K.J. Weingarten, M.J.W. Rodwell, J.L. Freeman,
S.K. Diamond, and D.M. Bloom

Edward L. Ginzton Laboratory
Stanford University

Stanford, CA 94305, USA

Since its introduction [1], electrooptic (EO) sampling has rapidly
developed as a tool for ultrafast electrical measurements [2], [3] with
temporal resolution extending to less than a picosecond. The basic
physical phenomenon underlying this technique, the Pockels effect, is
well-described in the literature [1-5]. The work reported here relies
on the fact that GaAs, the substrate material for many high-speed
circuits, is electrooptic. Using a longitudinal probing geometry [4],
[5], sub-bandgap energy infrared light is passed through the substrate
of GaAs integrated circuits (IC's), reflected off some circuit
metallization, and passed through a polarizer, resulting in an
intensity change of the light proportional to the voltage across the
substrate. In addition, the signal generating electronics for driving
the IC's are phase locked to the repetition rate of a mode-locked laser
laser, allowing sampled measurements of voltage waveforms due to
sinusoidal excitation of the circuit. Figure I shows the system
schematic.

This system can be used in several modes to make a variety of
electrical measurements suitable for both analog and digital circuits.
The EO effect acts like a mixer between the signal on the circuit and
the fourier spectrum of the intensity envelope of the laser. A
microwave or millimeter wave signal on the circuit mixes with the
nearest laser harmonic signal to produce a low frequency IF whose the
amplitude and phase can be readily measured. Thus high frequency
vector measurements for linear network analysis can be made.

The sampling system also detects large signals, i.e. clipping and
distortion, on analog circuits and switching waveforms on digital
circuits. The timing stability of the laser with respect to the signal
synthesizer is about 1 ps per minute, allowing for precise measurements
of propagation delays through logic elements.

Results from a variety of analog and digital circuits will be
presented, including measurements on broadband microwave amplifiers,
signals to 40 GHz (the current limit of the microwave synthesizer)
(Fig. 2), and timing/propagation delays for high-speed MESFETS
(Fig. 3).
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