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We present a new, more versatile scheme for maintaining phase coherence between optical probe pulses and
microwave signals under test in a laser-diode-based optoelectronic sampling system. This approach takes advan-
tage of the relative case of changing the repetition rate of the gain-switched laser diode (GSLD). The microwave
signal to be sampled is used as the clock signal for phase-locking of a voltage controlled-oscillator (VCO) which
drives the GSLD. Phase-tracking and display of waveforms at frequencies up to 8 GHz have been realized. It is
also shown that lower phase noise sidebands for the phase-locked VCO can be realized by locking the higher har-

monics of the laser pulse to the microwave clock.
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1. Introduction

During the past few years, optoelectronic sampling
techniques™? have been demonstrated to be powerful
tools for characterization of high speed electronic
devices and circuits. T'o make use of the sampling tech-
niques, synchronization and signal averaging methods
are required to achieve both high signal-to-noise ratio
and satisfactory temporal resolution. In some experi-
ments, the electrical waveform under study and the
probing optical pulses are derived from the same
source. As a result, synchronization is not a problem.
For the measurement of high speed digital or micro-
wave monolithic integrated circuits (MMICs),
however, the circuit element under test is best exam-
ined by employing digital data sequences or microwave
sinusoids originated from internal oscillators. In those
cases, timing synchronization or phase coherence be-
tween electrical signals and optical probe pulses must
first be established.

Previously, Rodwell et al.? employed two electroni-
cally phase-locked synthesizers for driving the device
under test and the mode-locker of an actively mode-
locked Nd:YAG laser, respectively. This approach re-
quires the use of high quality signal generators and com-
plicated feedback techniques to achieve extremely low
phase jitter. Recently, we have reported compact
laser-diode-based optoelectronic phase lock loops
(OEPLL)*® for this application. The key element of
the OEPLL’s can be either a laser-diode-activated pho-
toconductive switch or an electro-optic sampler which
functions as an optoelectronic harmonic mixer
(OEHM) for intermixing microwave signal from the tar-
get voltage-controlled-oscillator (VCO) and the optical
probe pulses. Similar techniques have first been report-
ed with main-frame actively mode-locked laser systems
by Li et al.” In practice, the microwave signal to be
probed on a monolithic microwave integrated circuit
(MMIC) might not be generated from a VCO. To solve
this problem we take advantage of the relative ease of
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laser and laser applications, electro-optic sampling, harmonic mixing, optoelectronic phase-locked loop, opti-

changing the repetition frequency of gain-switched
laser diodes (GSLD). It is shown for the first time in
this letter that synchronization and waveform measure-
ment can be achieved by using the microwave signal to
be probed as the clock to allow phase tracking of a VCO
which drives the laser diode.

2. Experimental Methods

The experimental apparatus is shown in Fig. 1. It is
comprised of a microwave circuit under test, an
electro-optic harmonic mixer (EOHM), phase lock loop
(PLL) electronics, and a gain-switched laser diode
(GSLD). In this experiment, the GSLD employed is a
InGaAsP/InP laser diode (Oki, model OL303A-100,
A=1.3 um). A synthesized sweeper (HP 83620A)
simulating the internal oscillator of an MMIC provides
microwave signals which are fed to the EOHM and acts
as the clock to be tracked. The EOHM used is a typical
arrangement of reflection-mode electro-optic sampler
(BEOS) with a GaAs microstrip transmission line. The
microwave clock signal at frequency fn is mixed with
the fundamental or higher harmonics of the optical
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Fig. 1. Schematic of the experimental apparatus. GSLD: gain-

switched laser diode, VCO: voltage-controlled oscillator, PBS:
polarizing beam splitter, QWP: quarter wave plate, HWP: half
wave plate, R: optical receiver, F: bandpass filter, +N: frequency
devider, PD: phase detector, LF: loop filter, SG: signal generator,
EOS: electrooptic sampler.
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pulse train and down-converted to the offset or inter-
mediate frequency (IF) at the output of an optical
receiver. A bandpass filter then selects the desired IF
signal for phase locking. The PLL consists of a refer-
ence IF with a prescaler (used for dividing the fre-
quency of VCO by N), a phase detector, a loop filter,
and the VCO (HP8640B). The GSLD is driven by the
VCO. When the phase-locking condition is achieved,
the repetition frequency of the optical pulse train
should be fo=(fu*fr)/M, where fr=f,/N, M and N are
integers.

3. Results and Discussion

With the GSLD operating at fo=250 MHz, a pulse
duration of =50 ps and an average power of 0.73 mW,
we find that the IF signal at 100 kHz is 2 mVy, in
response to a microwave signal power of 16 dBm at
250 MHz. The average detected photocurrent is 30
1A, This corresponds to a throughput from RF to IF
of —57 dB. The IF signal decreases as the frequency of

the microwave signal increases. This can be explained

by the bandwidth limitation imposed by the laser
pulses. To reduce phase noise, a bandpass filter of
which the center frequency can auto-track that of the
reference input is utilized. The passband (between
70% pass points) of the filter is chosen to be 1/5th that
of the center frequency. With the filter operational, the
rms noise drops to about 420 zV. The rms noise den-
sity for the IF signal is 3 uVAHz. A gain-variable am-
plification stage follows the filter before the IF signal is
fed to the phase detector (PD). With this system, the
phase of the microwave signal up to 8 GHz has been
successfully tracked by tuning the repetition frequency
of the GSLD. To sample its waveform, the microwave
signal is sent to a photoconductive switch (PCS) and
probed by optical pulses from another GSLD (A=0.8
pm), driven by the same VCO in the OEPLL, via an op-
tical delay line. A low-frequency oscilloscope can then
be used to monitor the waveforms of the reference IF
source, the output of the signal IF amplifier, and that
of the 8 GHz microwave signal as displayed by the PCS
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via a low frequency replica.® The time base of the oscil-
loscope is triggered by the reference IF. If phase track-
ing is achieved, clean waveforms from these signals can
be observed. This is illustrated in Fig. 2(a). Figure 2(b)
displays the same waveforms except that the trace
from the PCS is obtained by probe pulses optically
delayed by 62.5 ps (one half the period of an 8 GHz si-
nusoid) with respect to that for lower trace in Fig. 2(a).
From Fig. 2(a) and 2(b), we can determine that the fre-
quency of the microwave signal under test is 8 GHz.
This is in good agreement with the real signal applied.
For the data in Fig. 2, SNR =1. The signal-to-noise ra-
tio can be improved by increasing the average optical
power or employing shorter optical pulses. Investiga-
tion of the sideband spectra for the VCO reveals that as
the frequency of the microwave signal increases, the
phase-locked VCO exhibits lower and broader phase
noise spectrum. For example, the signal-to-sideband
phase noise density of the phase-locked VCO at 250
MHz (Fig. 3(a)) is about —30 dBc/Hz at a frequency
offset of 200 Hz. It is about —64 dBc/Hz at a frequency
offset of 800 Hz for the microwave signal near the 32th
harmonics, or 8 GHz (Fig. 3(b)). These results indicate
that, to reduce phase noise, it is desirable to phase-lock
the higher harmonics of the optical pulses generated by
VCO-driven GSLD to the microwave signal.

We emphasize that, in the present scheme, phase-
locking can be accomplished without requiring any elec-
trical contacts between the microwave test circuit and
other components of the sampling system. This is in
contrast to conventional electro-optic sampling sys-
tems which employ electronic or optoelectronic phase-
locking techniques. It is thus particularly useful for
measurement of devices with internal oscillators.

4. Conclusions

We have demonstrated a novel laser-diode-based op-
toelectronic phase tracking scheme which can be ap-
plied for contactless electro-optic sampling of electrical
signals within MMICs. Microwave signals up to 8 GHz
are used as the clock signal to be tracked and sampled

)

Fig. 2. (a) Waveforms of the reference IF (upper trace), signal IF down-converted from microwave signal at 8 GHz (mid-
dle trace), and sampled low-frequency replica of the IF from the PCS (lower trace). (b) the same waveforms as in (a) ex-
cept that the sampled signal of the lower trace is probed by a pulse train optically delayed by 62.5 ps with respect to

that of (a).
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Fig. 3. Phase noise sideband spectra of the VCO phase-locked to microwave clock signals at (a) 250 MHz (b) 8 GHz.

by optical pulses generated from two GSLDs driven by
the same VCO. Examination of the power spectra for
the phase-locked VCO indicates that, for the same
SNR, lower phase noise sideband is achieved by lock-
ing the higher harmonics of the laser pulse to the micro-
wave signal in heterodyne phase lock system. With the
availability of ultrashort optical pulse generated from
GSLD, our approach is thus a promising method for
tracking the phase of electrical signal beyond mil-
limeter wave range.

Acknowledgment

This work was supported in part by the National
Science Council of the Republic of China under grant
NO. NSC 82-0417-E009-397 and 83-0115-C009-0004.

1) R. B. Marcus: Semiconductors and Semimetals (Academic
Press, New York, 1990) Vol. 28, Chaps. 3 and 4.

2) K.J. Weingarten, M. J. W. Rodwell and D. M. Bloom: IEEE J.
Quantum Electron. QE-24 (1988) 198.

3) M.J. W. Rodwell, D. M. Bloom and K. J. Weingarten: IEEE J.
Quantum Electron: QE-25 (1989) 817.

4) H. H. Wu, C. S. Chang and C. L. Pan: IEEE Microwave &
Guided Wave Lett. 2 (1992) 11.

5) C. L. Pan, K. Y. Tang and H. H. Wu: IEEE Microwave &
Guided Wave Lett. 3 (1993) 113.

6) C. L. Pan and H. H. Wu: IEEE Photonics Technology Lett. 4
(1992) 1298. .

7) M. G.Li, E. A. Chauchard, C. H. Lee and H.-L. A. Hung: IEEE
Tran. Microwave Theory Tech. MTT-38 (1990) 1924.

8) H. H. Wu, C. S. Chang and C. L. Pan: IEEE Microwave &
Guided Wave Lett. 2 (1992) 237.



