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Phase-locked-loop-based delay-line-free picosecond electro-optic
sampling system

Gong-Ru Lin® and Yung-Cheng Chang
Institute of Electro-Optical Engineering, National Chiao Tung University, 1001, Ta Hsueh Road, Hsinchu,
Taiwan 300, Republic of China

(Received 7 January 2002; accepted 12 November)2002

A delay-line-free, high-speed electro-optic samplifitP0S system is proposed by employing a
delay-time-controlled ultrafast laser diode as the optical probe. Versatile optoelectronic delay-time
controllers (ODTC9 based on modified voltage-controlled phase-locked-loop phase-shifting
technologies are designed for the laser. The integration of the ODTC circuit and the pulsed laser
diode has replaced the traditional optomechanical delay-line module used in the conventional EOS
system. This design essentially prevents sampling distortion from misalignment of the probe beam,
and overcomes the difficulty in sampling free-running high-speed transients. The maximum tuning
range, error, scanning speed, tuning responsivity, and resolution of the ODTC arg309), <5%
deviation, 25—-2405 ns/s, 0.557 ps/mV, and ps, respectively. Free-running wave forms from the
analog, digital, and pulsed microwave signals are sampled and compared with those measured by
the commercial apparatus. @003 American Institute of Physics.

[DOI: 10.1063/1.1536256

I. INTRODUCTION sampling gatdi.e., an electro-optiEO) crystall and the
] ) ) ) . DUT. Hence, it does not remove real charge from the DUT
The high-speed sampling oscilloscope is an extensively, \he sampling gate. The electric field of the DUT results in
used system that enables picosecond resolution for highy -hange in the birefringence properties of the EO crystal and
sp_egd measurements of repetitive electrical transients. rotation of optical polarization. By placing the EO crystal
. . . between crossed polarizers, the intensity of the transmitted
since the 1950s, however, its use is limited below 10 p%or reflectedl optical probe beam thus linearly changes as a

owing to the S 'OW evolution of fast step-recovery dIOdes'function of the electric field strength. With the fast evolution
From the beginning of the 1980s, approaches have succes:

sively emerged to improve the sampling resolufiataseph- of ultrafast laser technology, an EOS system with sub-

’ . . S ._picosecond sampling resolution has previously been
son junction sampling was primarily demonstrated by usmggemonstratea
a superconducting switch as an electronic sampling gate, . o . .
Figure 1 illustrates a typical setup of conventional EOS

which although it has been refined to achieve a temporal - which the | | i is divided i
resolution of 2 ps, it is still restricted in practical applications systems, in which the laser pulse train is divided into pump

due to its requirement of a low-temperature environment2nd Probe beams. The pump beam repetitively impulses the

Later, photoconductive samplin®CS geometry was dem- DUT, while the probe beam synchronously samples the field-

onstrated with subpicosecond temporal resolution, microvolf’duced birefringence caused by the transient response of the
sensitivity, and a larger dynamic range. A photoconductivé?UT in the EO medium. The pump beam is modulated at a
switch made on semiconducting materials with an ultrashorfféduency far below the laser repeition rate to facilitate
carrier lifetime is employed as an ultrafast sampling gate if0Ck-in detection. Alternatively, an electrical pulse generated
the PCS system. Picosecond optical pulses are then intr®Y an ultrafast optoelectronic switch or a comb generator is
duced to trigger the switch for wave-form sampling. Al- used to drive the electrical devices that cannot be optically
though such a technique exploits jitter-free synchronizatioriiggered. The probe beam is passed through an optom-
in favor of the optical triggering scheme, it still suffers from echanic delay linéOMDL) to provide a true-time delay with
the limited sampling resolution that is determined by therespect to the measured DUT sigha.variable compensa-
device geometry and the material parameters of the samplirigr is added between the crossed polarizers to optically offset
gate. In addition, the photoconductive gates must be eithghe static birefringence of the EO medium for linear opera-
integrated with the device under t¢&UT) or fabricated as tion at 50% transmission. The intensity of the reflected probe
an external probe tip.Electro-optic samplingEOS is the  beam is measured by a low-speed photodiode to obtain the
latest technique developed, which is unique among the praaverage response via the integration of pulse trains in the
posed sampling systems due to its all-optical configuration. Imodulating duration. A lock-in amplifiefLIA) is used to
relies only on electric field coupling between the opticalmeasure the amplitude of the modulated intensity, which
yields a dc output voltage that is proportional to the ampli-
@Author to whom correspondence should be addressed; electronic maifude of the sampled electrical signal. The LIA facilitates the
grlin@faculty.nctu.edu.tw detection of DUT signals with microvolt sensitivity. The out-
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inaccuracy due to misalignment, and the limited scanning
mirror speed. However, such a system still suffers from the limita-
tion in millivolt sensitivity of oscilloscopes to date.
Subsequently, a delay-time-tunable picosecond Nd:YAG
% laser has been proposed by employing the phase-shifting
technology to amend the aforementioned problems in a con-
| ventional EOS system. However, the nonlinear transfer func-
tion (delay time versus tuning voltagef the analog phase
shifter used in the laser inevitably leads to a larger sampling
distortion during EOS measurement. Therefore, an EOS sys-
tem with a better sensitivity by use of lock-in detection, and
a linear and quasi-instantaneous scanning measurement with-
out the use of the OMDL module is of great interest. Re-
cently, a linear phase shifter based on digital phase-locked-
loop (PLL) technology has been develogedThe
improvement on the operating bandwidth of the PLL-based
phase shiftethereafter referred as the PLL Pias also been
achieved by employing the optoelectronic frequency-
_ _ downconverting techniqué By adding a photoconductive
FIG. 1. Block diagram of the conventional synchronous-frequency electro-_ . . . . .
optic sampling system. switch as the opt_oelectronlc harmonic mix@EHM) in the
PLL, the operating frequency can extend to 20 GHz or
higher (currently limited by the measuring systgnin this
put signal is either plotted as a function of the delay time Ohwork, we employ the PLL PS as an optoelectronic delay-time
real time displayed on an oscilloscope. This results in agntroller (ODTC) to replace the OMDL in a conventional
equivalent time representation of the impulse response of thegg system, which eliminates the drawbacks of the OMDL
DUT. . ) ) _ such as low scanning rate and alignment-induced sampling
Alternatively, unsynchronized sampling based on an inistortion. Versatile configurations of PLL-PS-based ODTC
stantaneous scanning of the relative delay time between thg,cits suitable for modifying the EOS system are intro-
DUT signal and optical probe beam has also beeryyced. The performances of the ODTC, including maximum
demonstrate@® This is implemented by slightly offsetting tuning range, linearity, scanning speed, and resolution are
their corresponding repetition frequencies, thereby a repetigetermined. By using the different EOS systems proposed in
tive scan_ning can be obtained a_fter a number of p_eriods._ Theyis work, the wave-form sampling of a free-running sinu-
schematic diagram of the real-time EOS system is depictedpidal microwave signal, a digital signal output from a fre-
in Fig. 2. The merit is that a “real-time” reconstruction of quency divider(or prescaler and an electrical pulse gener-

the high-speed DUT signal can be made on an oscilloscopgieq by the comb generator are demonstrated.
with a very low sampling rate and frequency bandwidth.

Such an offset-frequency sampling technique essentially

eliminates the need of the OMDL, which causes the diffi-

culty in precise alignment of the optical beam, the measurind;" SYSTEM CONFIGURATION
A. Design of the PLL PS

Microwave Microwave The design principle of a PLL PS is based on the modi-
sy“""::”" Syathesizer fication of a conventional frequency-translated PLL into a
b b frequency-discriminated and phase-tunable delay-locked
loop. To achieve frequency discrimination between local
clock and free-running DUT signals, several kinds of PLL
configurations have been designed for different frequency-
tracking schemes, as shown in Fig. 3. For example, two
kinds of PLLs for achieving nonoffset frequency synchroni-
zation are shown in Figs.(8 and 3b). In each configura-
»| EO tion, the frequency of the voltage-controlled oscillator
(VCO) is directly frequency synchronized to that of a rf

Ultrafast Lasers

Analyzer clock. The drawback of the scheme plotted in Fi@) 3s the
Jlﬂf I need for high-frequency phase-frequency detectBisD9
CHI Cl2 /% \ when operating at high repetition rates. Note that the highest
‘H)_ PD frequency bandwidth of commercially available PFDs is ap-
proximately 2.7 GHz. The latter scheme shown in Fig)3

FIG. 2. Block diagram of the real-ime nonsynchronous-frequefmy is a possible solution that employs the frequency-translation

offset-frequency electro-optic sampling system using a low-frequency- t_echnique by use of frequency dividers. This design essen-
replica technique. tially takes the advantage of recent advances of the fre-
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quency prescalers or dividet&Ds) with a reported band-

width of up to 20 GHz. In contrast, Figs.(& and 3d) @

illustrate the block diagrams of mixer-based offset- m';:
frequency-discriminated PLLs that are designed for operat- @ @ n @
ing at a bandwidth of larger than 20 GHz. In FidcB two RErD
microwave frequency synthesizers are phase locked at ai

offset-frequency condition. The offset frequency is set by theo

@
frequency-divided rf clock, that isf—fyco=Af=f,/N. Reference Reference
For the wave-form sampling of highly repetitive transients, a Qe @ = Qo
PLL scheme proposed in Fig(d is more suitable than that
in Fig. 3(c). The main difference between FiggcBand 3d)

L

is that the latter one benefits from locking of signals with
higher repetition frequencies using a low-frequency VCO.
This is ?—tt“bUted to both the higher Optoelecnon'? harmonlcﬁel 3. Different configurations of electron- or optoelectronic-typed phase-
generation of the fundamental frequency via a gain-switchetbcked loops designed for delay-time control of laser pulses. GSLD: gain-
laser diode(GSLD), and the higher operating bandwidth of switched laser diode; LF: loop filter; PCS: photoconductive switch; PFD:

. . hase/frequency detector; PS: power splitter; rf PFD: radio-frequency phase/
the_ OEHM as compared to the mlcrowave mixer. The pUIS‘ﬁequency detector; and VCO: voltage-controlled oscillator.
train generated from the GSLD consists of a set of super-

posed harmonic frequency components, which mixes with . : .
the rf clock to generate an intermediate freque@iEy in the of using any high-frequency components. In typical PLL sys-

OEHM. In addition, to facilitate the capability of high- tems, it is mandatory to choose a phase detector with a larger

: : Phase—gain constat,. This, however, will lead to smaller
frequency synchronized operation for the EOS, the latte hase sensitivity and a reduced phase-shifting range for our
scheme can further be modified by use of a pair of VCOs t L oplication
individually drive the DUT and a pulsed laser source for pp '
sampling. However, it makes the EOS system complicate
expensive, and bulky.

The basic principle of the PLL PS can be explained by  Early EOS systems sampled the wave form generated
analyzing the phase change of the VCO from the equivalenfrom a DUT by simply using two individual microwave/
noise mode?. With nodal analysis, we can express the effectoptical clocks with identical or locked time bases. Today,
of dc reference voltageMger) on the phase shift and the most of the discrete electronic or microwave/millimeter-

d
B. PLL-PS-based EOS systems

delay time of the output signal from the VCO as wave modules are commonly integrated with individual
monolithic frequency sources. This leads to a difficulty in
F(S)Ko/s ing th tional f hronization techni
Ovco~PpLL— Vrer ~®p, — Veer/ Ky using the conventional frequency-synchronization technique.
1+K4F(s)Ko/s Owing to such a special requirement, the recently proposed
— Do — RV EOS system should also emphasize its design for wave-form
PLL - TdYREF sampling of unknown or free-running DUT signals at higher
=dp | +Abyco, repetition rates. The experimental setup of the proposed
delay-line-free EOS system by using ODTC with two offset-
At= Abyco 1 frequency PLL PSs, is shown in Fig12VvCO1 and VCO2
2w frep with identical frequencies are individually phase locked to
the reference clock. VCOL1 is used to drive the GSLD for
1 v F(s)Kqg/s
_27Tfrep. REF1+KdF(S)K0/S Reference
Clock, fy Mix
 Veer/Kg VA ey I—

27t

where ¢p| | is the phase noise induced by the PIH(S) is
the transfer function of the second-order active loop filter

(LF) in the PLL,K, is the VCO gainKy is the gain of the veor e R Ve Yoo
PFD, Ry=~1/K, (degree/volt is the phase sensitivity of the Lens

PLL PS, 6yco is the phase of the VCO,, is the repetition /‘J\)@‘

frequency of the synchronous signal, alélcg is the phase  —sewom 5n =59 Yo probe

shift of the VCO caused by the tuning ®zge. This ap- ™ Y R =)

proximation sustains only at the PLL passband region due to L — .

its relatively large loop gain. It is seen that the phase change photodetector GPIB Computer

of the microwave signals from the PLL-controlled VCO
FIG. 4. Novel delay-line-free equivalent-time electro-optic sampling system

(A6yco) is approximately in linear proportion tdger. The using delay-time-controlled laser diode source. PCS: photoconductive

phase retardatio_n of the microwave signal can, therefore’ B&yitch; GSLD: gain-switched laser diode; VCO: voltage-controlled oscilla-
linearly and continuously controlled by varyifndger instead  tor; PD: phase detector; PS: power splitter; and SG: signal generator.
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-3 <2 -1 0 1 2 3
Controlled Voltage (V) FIG. 7. Schematic diagram or two PLL-based EOS system. GSLD: gain-

switched laser diode; LF: loop filter; PCS: photoconductive switch; PFD:
FIG. 5. Phase shift of the PLL PS as well as the delay time of the ODTC-phase/frequency detector; PS: power splitter; rf PFD: ratio-frequency phase/
controlled GSLD pulse train plotted as a function of controlled voltage frequency detector; VCO: voltage-controlled oscillator; RFS: reference fre-

under different gain constants of the filter in the PLL PS. quency signal; DUT: device-under-test; PBS: polarization beam splitter; PD:
photodetector; LIA: lock-in amplifier; SW: electrical switch; and SG: signal
. . . . . generator.
generating the optical pulse train, and VCO2 is used to drivé

the DUT. The DUT signal is further modulated by an IF
synthesizer to facilitate lock-in detection. The phase of thérequency synchronization between the electronic/
signal output from VCO2 can be linearly and continuouslyoptoelectronic DUT signal and the optical probe beam must
changed with respect to VCO1 via the tuning of the PLL PSremain. This preserves the high-sensitivity feature of the
controlled by Vger. Since it is also possible to add the EOS system that uses the lock-in detection technique.
voltage-tuning circuit into the ODTC used with VCO1, the On the other hand, the aforementioned EOS system can
phase of the signal output from VCO1 as well as the delaylso be simplified to facilitate the characterization of free-
time of the optical probe pulse can be adjustedrunning microwave signals from electronic devices or inte-
alternatively!®!! The circuit parameters of the ODTC are grated circuits(ICs) with internal time bases or oscillators.
carefully adjusted to obtain a linear transfer function of theTo meet this demand, two modified ODTCs based on all-
phase shift versu¥gee. The effect of the gain of the loop electrical frequency-translated PLLs, as shown in Fig),3
filter in the PLL on the maximum phase shifting range andare employed to control the frequency and delay time of the
linearity is illustrated in Fig. 5. In addition, the phase-tuning GSLD source in the EOS system, as shown in Fig. 7. In
gain of the ODTC is set as 100°/V. This corresponds to a&comparison with the original design, this approach is more
delay-time responsivity of 0.557 ns/V. The minimum tuning compact and easier to be set up since the optoelectronic har-
step that can be monitored by a commercial digital samplingnonic mixing module has been replaced by a microwave
oscilloscope is already smaller than 5(ps a voltage tuning mixer.
step <10 mV). Theoretically, the maximum phase shift of Owing to the recent advances of high-operation-
the ODTC can be up to 720°, which corresponds to a variabandwidth FDs, a state-of-the art EOS configuration for real-
tion in the delay time of up to 2 periods. The correspondingtime measurement without the use of the frequency down-
phase noise spectrum of the GSLD controlled by the ODTGonversion technique can be achieved, as shown in Fig. 8.
is shown in Fig. 6. In the aforementioned configurations, thelThe dash-line box in Fig. 8 functions as an arbitrary
use of two frequency-translated PLLs is mandatory since th&equency-divided clock. The ODTC-controlled GSLD
pulse-train can be frequency locked to the frequency-divided

_ —» FD SW [«—— SG LIA
N
< 90
@
T
1 i
% -100 Lens c‘?
'
c ]
s ,
§ 110 \y ----- ﬂ"ﬂ‘""’* PD
o’ /
@ L TN |\ LR T 7 M4 PBS
n —— ODTC-controlled GSLD vVCO AMP GSLD A2

120 ——vco

FIG. 8. Schematic diagram of one PLL-PS-based EOS system. GSLD:
130 i Lo " AT A gain-switched laser diode; LF: loop filter; PCS: photoconductive switch;
100 1k 10k PFD: phase/frequency detector; FD: frequency divider; PS: power splitter; rf
Frequency offset from carrier (Hz) PFD: ratio-frequency phase/frequency detector; VCO: voltage-controlled os-
cillator; RFS: reference frequency signal; DUT: device-under-test; PBS: po-
FIG. 6. Single-sided band phase noise spectra of the VCO in PLL-PS-basddrization beam splitter; PD: photodetector; LIA: lock-in amplifier; SW:
ODTC and ODTC-controlled GSLD pulses. electrical switch; and SG: signal generator.
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TABLE I. Comparisons in performances of ODTC- and OMDL-based EOS systems.

Conventional Ours
Tuning range 2L 1 3.97

2m -t (theoretically, 4r)

rep.

Tuning resolution 6.6 fs ~1 ps(<0.2 p3
Jitter/phase noise 1.23 psl15 dBc/Hz at 1 kHz 1.7 ps/105 dBc/Hz at 1 kHz
Tuning rate 270-3330 ns/s 25-3405 ns/s
Tuning linearity <1% <5%

clock of free-running microwave or millimeter-wave signals quency of the optical pulse train from the GSLD, akd is

by use of high-speed FDs. The relative delay time betweetthe minimum tuning stefi.e., the sampling resolutignFor

the microwave and the GSLD pulse-train signals can thus bexample, a periodical scanning time required for the ODTC
controlled since there is a linear relationship between theperated at a repetition frequency of 500 MHz with 1 ps
phase of the frequency-divided clock and the microwave sigresolution is calculated to be 0.2 s if the scanning speed is
nal. Such a design has greatly extended the frequencyt000 points/s. The scanning speed of the ODTC is relatively
discriminating capability of the EOS system with simple cir- comparable with that of the conventional OMDL module.
cuitry, which is very promising for application in the IC However, the scanning time of the ODTC-based EOS system

testing industry. depends further on the output bandwidth and the integral
time of the lock-in amplifier(which cannot exceed 0.6-1

IIl. SYSTEM PERFORMANCE AND SAMPLING kHz), the executing speed of the controlling program, and

RESULTS the interface between the lock-in amplifier and the computer.

This result in an actual tuning speed of 200 points/s or less.
Eurther improvement by use of a high-speed PLL with a

a one-period wave form of a repetitive DUT signal. It is seenSho.rter pull-in and Ipck—m time of lus or less can .be
from the experimental results that the tuning range of the"’“:h'eved at the possible cost of unexpected phase noise and

delay-time-free EOS system can be up to 1.95 period%iming _jitter. The minimum tuning steféi.e., the sampling
(nearly 3.97) of the DUT, which is beyond the requirement resolution of the ODTC-based EOS system is about 0.15—

of the sampling theory and has already exceeded the records? PS, which is Iimitsd by the amplitude noise Qf th.e voltage
of similar system&.0n the other hand, the tuning resolution POWer supply &V;s=0.25 m) for the ODTC circuit. The

of the ODTC is mainly affected by the pulse width of the temporal resolution of jthe current apparatus_is inversely pro-
GSLD, the stability of the phase-tuning circuit, and the tim- Portional tq the repetition rat_e of- the DUT signal. Although
ing jitter of the DUT. The GSLD is simultaneously dc biased the resolution of the ODTC is slightly lower than that of a
at the near-threshold condition and driven by an electricafonventional OMDL-based true-time-delay modulep
pulse at the desired frequency to generate optical pulses withi 24 1min/ C~0.0067 ps withA 1,,=1 um), such a resolu-
a full width at half maximum(FWHM) of 15 ps. The short- tion under a relatively high sampling ratas compared to
term stability of the voltage regulator in the ODTC that pro-that of the OMDL) is sufficient for most of the picosecond
videsVrer is relevant to the overall timing jitter of the pulse Wave-form measurements in the IC testing industry. Thus,
trains as well as the sampling resolution of the EOS systenthe tradeoff between scanning speed and sampling resolution
To improve the sampling resolution, a smaller optical pulsecan be made for practical applications.
width via the pulse compression technique, a PLL technique By using the ODTC-controlled GSLD as the optical
with Suppressed t|m|ng jitter’ and a high_precision Vo|tagesource for the EOS system, different kinds of repetitive DUT
regulator with stabilized temperature control, are necessargignals generated from free-running microwave sources and
As a result, the timing jitter of the ODTC-controlled laser modules such as the frequency synthesizer, frequency pres-
diode is reduced to be 1 ps or less, which also depends on ti§@ler, and electrical pulse-forming module, are sampled.
phase noise performance of the reference source to be fr&irst, a frequency-synthesized sinusoidal signal at 500 MHz
quency tracked. The overall performances of the convenis measured to determine the linearity and sensitivity of the
tional and proposed systems are compared in Table I. proposed EOS system. The time-resolved wave forms of the
The minimum settling time of the ODTC for each step of DUT signals sampled by a digital sampling oscilloscope
desired temporal delay of the laser pulse train is 0.1 ms(DSO) and the delay-line-free EOS system are shown in Fig.
which is strictly limited by the pull-in and lock-in speed of 9 for comparison. The EOS wave form matches perfectly
the PLL-PS-based ODTC. The scanning time for one periodvith the DSO wave form except slight deviations caused by

of the DUT signal using the ODTC can be expressed as the nonlinear response in the delay-time tuning function of
the ODTC-controlled GSLD. The wave-form-measurement

— -1
to=lvifrepd 7], distortion of the delay-line-free EOS system plotted as a
wheret, is the periodical scanning time of the ODT&,is  function of delay time is, therefore, compared with the
the point-to-point scanning speefq, is the repetition fre-  phase-tuning error of the ODTC as a function of tuning volt-

Based on the equivalent-time-sampling theory, the phas
change is required to be larger than at leastf@ scanning
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FIG. 11. Wave forms of a digital signal at frequency of 500 MHZ generated

FIG. 9. Wave form of a microwave signal at frequency of 500 MHz gener-from prescaler sampled by using the ODTC-based H&id line) and

ated from phase-locked VCO2 sampled by using the ODTC-based EOSommercial DSO.

(solid line) and commercial DSQdashed ling

age and is shown in Fig. 10. It is found that the samplingtorted since the ECL signal has to be first offset by using a
deviation can be controlled within 5% or less, which cor-microwave biasT and then attenuated by at least 10 dB in

roborates the phase tuning error of the OD(Ref. 9 witha  order to prevent damage of the high-speed sampler in the
maximum value of 8°. This is main|y caused by the finite DSO. FinaIIy, we have also demonstrated the wave-form
bandwidth of the PFD, which leads to tuning nonlinearity of measurement of a high-speed electrical pulse-train output
the ODTC while operated at the nearly zero-delay regionfrom a homemade comb generator using a step recovery di-
We have previously mentioned that a further improvement ircde(SRD). The EOS wave forms of the SRD with a FWHM
reducing the sampling deviation relies on the use of an ultraof 52 ps sampled by EOS and DSO are shown in Fig. 11. It
precise voltage regulator under temperature-controlled coris found that the SRD wave form sampled by the DSO ex-
dition and high-speed PFD with shorter rise/fall time in thehibits more detailed features, which is mainly attributed to
ODTC module. In addition, the amplitude fluctuation of the the higher sampling bandwidth of DSO up to 50 GHz
voltage power supply of the ODTC should also be mini-(equivalent to a temporal resolution of about 7-9. s
mized since that will cause timing jitter in the ODTC- comparison, the EOS wave form of the SRD pulses reveals
controlled pulse train. On the other hand, the detection serless featured shapes. This deficiency is more significant as

sitivity of the proposed delay-line-free EOS system is abouthe temporal response of the DUT becomes shorter due to the
1 mV/\Hz, which is comparable with that of the conven- finite bandwidth of a GSLD-based EOS technique. The tem-

tional OMDL-based EOS system. poral resolution of the proposed delay-line-free EOS system

A frequency-presca|ed positive_ECL S|gr(a]|th a divi- is similar to the conventional GSLD-based EOS one. In prin-
sor of 2 or 4 driven by the free_running frequency synthe_ ciple, the time resolution of EOS is decided by statistically
sizer at 1 GHz was also characterized. Figure 11 presents thgdependent parameters such as the pulse width of probe
nearly identical positive-ECL wave form at 500 MHz mea- beam, the absolute and relative timing jitter of the optical
sured by either system. It is worth noting that the wave formgPulse and electrical signal, and the optical/electrical interac-
measured by the sampling oscilloscope are probably digion times, which can collectively be described as
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FIG. 10. Measured distortion of the modified EOS system and the phase-IG. 12. Wave form of the signal output from a step recovery diode
sampled by ODTC-based EOS. Inset plots the same wave form monitored
by the DSO.

tuning error of the ODTC plotted as a function of delay tifes well as

phase shift
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Teotal= \/T§W+ TJ_2+ Tﬁo+ Tﬁev signa), a tuning responsivity of 0.557 ps/mV with sampling
error of <5%, and a comparable scanning speed ranging

where 7o is the overall response time of the EOf, IS from 25 to 2405 ns/s with highest resolutionl ps. The
the FWHM of the optical probe pulse from GSLB, is the  compact design of the delay-line-free EOS system without
timing jitter from GSLD pulses and DUT signalsy, is the  the need of a conventional optomechanical delay line
optical interaction time required for the probe beam passingOMDL) makes this system very promising. Due to the in-
through the EO medium, ang, is the electrical interaction  cregsed requirement af situ and noninvasive wafer char-
time of the DUT signal within the spafcross sectionof  4cterization, a delay-line-free EOS system without the need
optical pulses. The optical and electrical interaction times folyf 5 conventional optomechanical delay line makes it more

reflective-type EOS scheme can be expressed as promising for the very large-scale integrated makes industry.
2noH The design and construction of an extremely compact and
Tio= "¢ real-time EOS system using an ODTC-controlled ultrashort
pulsed laser diode or fiber laser source has been demon-
W, strated.
Tie=g V2 N 26,
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