Figure 3 The waveguide dispersion term D as a function of V for a normal rib structure Ža. and a depressed index rib Žb. with a
Kerr-like nonlinear guiding region having n nL s 0.54 = 10y1 0 wm2 rV 2 x. Dimension a s 1 m m, PL s linear state power level Žbold
lines.; P1 s 1 mW, P2 s 0.8 mW, nonlinear state power levels

in frequency. When operating at a given frequency the dispersion nonlinear values may be very different from those of
the linear state, and their correct value must be evaluated
starting from a nonlinear model of the structure. The indicated dispersion nonlinear behavior is presented as an example, but the analysis of other different rib structures allow us
to generalize the results. Further investigation must be extended in this direction.
CONCLUSIONS

In a standard rib waveguide the change of parameters has not
proved to be very effective in the control of the group
velocity dispersion; in particular, no negative dispersion may
be obtained in the single-mode region. When a depressed
index layer Žusually called a notch. is interposed between the
guiding region and the substrate, a negative GVD may be
easily obtained; in a rib guide with a proper choice of other
parameters as the width of the loading strip a controlled
amount of negative GVD may be obtained and the region of
single-mode operation may be extended. Under high optical
intensity when a Kerrlike nonlinear behavior in the guiding
region must be taken into account, the waveguide dispersion
must be evaluated under a nonlinear model because those
nonlinear values may be very different from those of the
linear state.
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ABSTRACT: A monolithically integrated p-i-n r HBT photorecei¨ er
was successfully employed in a de¨ elopment platform for hybrid optical
phase-locked loops (OPLLs). Despite loop delay compromises necessary
for flexibility in component substitution, this OPLL de¨ elopment platform has demonstrated a hold-in range of 1.558 GHz and possible
locking frequencies from 1.00 to 20.75 GHz. Q 1997 John Wiley & Sons,
Inc. Microwave Opt Technol Lett 15: 4]7, 1997.
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Optical phase-locked loops ŽOPLLs. are being developed to
provide a method of generating channel offsets for use in
dense wavelength-division multiplexed ŽWDM. systems. It is
possible to maintain a stable channel separation on the order
of 0.01]0.1 nm between the master and slave laser with the
use of an OPLL. The offset is determined by an electronic
local oscillator ŽLO. reference. OPLLs also show promise for
use in generating highly stable microwave carriers, which can
be distributed via an optical fiber network for phased array
antennas. They can also be used as phase or frequency
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Figure 1

Schematic diagram of optical phase-locked loop

demodulators. The development of monolithically integrated
OPLLs will make their widespread application more feasible.
Typical approaches to making hybrid OPLLs use either
very narrow linewidth lasers or reduce the loop delay as
much as possible. The use of semiconductor lasers with their
moderately large linewidths has encouraged the development
of very compact but inflexible loop designs, which make the
loops undesirable for component substitution and testing.
Previous designs with the use of semiconductor lasers have
avoided the use of fiber couplers to minimize loop delay.
A hybrid, fiber-based system allows design, layout, and
testing flexibility, which is necessary in a test bed for the
development of components for an integrated OPLL. In spite
of the large loop delay that comes from using fiber components, we demonstrate that phase locking can be achieved
with the use of semiconductor lasers of moderate linewidths
and fiber components. We achieved a very wide hold-in range
of 1.558 GHz and possible locking frequencies ranging from
1.00 to 20.75 GHz, both of which are among the best reported values.
As the first step toward integration, a monolithically integrated p-i-nrHBT photoreceiver was successfully employed
in the test bed.
1.1. OPLL Operation. An OPLL is similar in construction to
a conventional phase-locked loop ŽPLL.. The electronic voltage-controlled oscillator ŽVCO. is replaced with an optoelectronic current controlled oscillator ŽCCO.. When the loop is
locked, the wavelength separation between the two lasers is
fixed to a value specified by the LO reference oscillator.
The basic OPLL configuration can be seen in Figure 1.
Two lasers are heterodyned by an optical coupler or beam
splitter onto a photodetector. The beat frequency resulting
from the difference in the lasers’ wavelengths Žand hence, the
difference in frequency. is converted by the photodetector
into an electrical frequency. A phase detector compares this
beat frequency with the LO frequency, and the resulting
error signal is fed back to the slave laser to maintain the beat
frequency equal to the LO frequency.
The operation of the optoelectronic CCO is based on the
dc current tuning characteristics of semiconductor lasers.
Typical distributed feedback ŽDFB. semiconductor laser
characteristics are shown in Figure 2. Operating wavelength
changes with current due to both thermal and carrier effects
w1x. In general, as current increases, operating wavelength
increases in a DFB laser. This changes the wavelength difference between the master and slave lasers and hence the
beat frequency. This optical beat frequency is detected and
output as an electrical frequency. Thus the laser pair, optical
coupler, and photodetector comprise an oscillator whose

Figure 2 Typical three-section DFB current tuning characteristics.
Horizontal axis Icenter Žscale 20 mArdivision., vertical axis wavelength Žscale 0.1 nmrdivision.. T s 21.0 C, Ifront s 35 mA, Irear s 5
mA

electrical frequency output is determined by the dc current
input.
1.2. Benefits of Integration. A monolithically integrated form
of the photonic circuit is a highly desirable goal for an OPLL.
Because the CCOs used in OPLLs have much larger
linewidths than the VCOs used in PLLs, the effect of the
loop delay must be taken into account w2x. OPLLs can have
large loop delays due to the optical path length and rigid
placement requirements of optical components. Minimum
loop delay, which is highly desirable for OPLLs used in actual
communications systems, can be more easily achieved by
integration of the optical and electrical components.
Further benefits of integration include the elimination of
problems associated with alignment of optical components
and the significant reduction in size, both of which improve
the system’s overall cost effectiveness. Integration also facilitates the development of and practicality of multichannel
WDM systems that use OPLLs.
1.3. Pre¨ ious Work Toward Integration. The first step toward
integration of OPLLs was the use of semiconductor lasers.
Several OPLLs have been demonstrated with semiconductor
lasers, initially with external line-narrowing techniques w3x,
and later without w4, 5x. Other OPLL components have also
been integrated, but have not yet been used in an OPLL.
These include microwave monolithic integrated circuit
ŽMMIC. phase detectors w6x, optical couplers, and photoreceivers w7x.
A transistor-based process is necessary in the overall integration scheme, because the local-oscillator MMIC for the
reference signal, the phase detector, low noise amplifiers
ŽLNAs., and eventually laser driver components must be
realized with a high-speed transistor design. Furthermore,
with the use of heterojunction bipolar transistor ŽHBT. technology, a p-i-nrHBT front-end photoreceiver can be fabricated w8, 9x, and can replace the photodiode in the OPLL
with a high-gain optical detection device. The basecollector]subcollector layers of the HBT serve as the p-i-n
diode. Thus a high-speed, low-noise transistor is monolithically integrated with a high-performance photodiode.
We have recently demonstrated such photoreceiver circuits with measured modulation bandwidth fy3 dB s 19.5
GHz, and an estimated sensitivity of y18.7 dBm at 10 Gbrs
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for a bit error rate of 10y9 and l s 1.55 m m w10x. The HBTs
used in this process have an f T of 67 GHz and f max of 120
GHz, and thus could be used for the MMIC components.
2. RESULTS AND DISCUSSION

In this article we describe the development of a 1.55-m m
hybrid OPLL made of commercially available discrete components to serve as a flexible test bed for integrated components as they are developed. We then demonstrate the use of
an InP-based p-i-nrHBT photoreceiver in a test bed. We
show that a wide hold-in range can be obtained, and a wide
frequency range for testing is possible in a fiber-based test
system, in spite of the long loop delay involved.
2.1. Hybrid OPLL Test Bed Setup. As the first step toward
monolithic integration, an OPLL comprised of commercially
available discrete components was developed to serve as a
test bed for monolithically integrated components as they are
developed. The two primary competing considerations for
such a design were to minimize the loop delay and to maintain a degree of flexibility in the physical setup so that
different components and topologies could be tested without
redesigning the loop for each new experiment.
Figure 3 shows the experimental setup of the OPLL test
bed. Two temperature-stabilized 1.55-m m three-section DFB
lasers ŽIMC, Sweden. were heterodyned with a fiber coupler
onto a commercial photodiode ŽNew Focus 1011.. The electrical signal from the photodetector was amplified by two
LNAs ŽMITEQ JS4 and AFS4 series .. The summed linewidth
of the free-running lasers was about 6 MHz, as measured
with a spectrum analyzer. Sixty-five-decibel optical isolaters
were used to avoid an increase in free-running linewidth w4x.
The amplified electrical signal was compared with a reference
signal from an HP 8350B sweep oscillator with the use of a
double-balanced diode mixer ŽNorsal DBM 1-12A. as a phase
detector. The phase difference signal from the mixer was fed
back to the slave laser through a passive loop filter, then
through a bias offset circuit to change the dc bias of the error
signal to the value required for slave laser operation. A
modified first-order loop filter w11x was used, as it is less
sensitive to loop delay than second-order loops w12x. Connectorized fiber components were used for all optical elements
to allow photodiodes or photoreceivers to be easily interchanged.

Figure 3
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Experimental setup of optical phase-locked-loop test bed

Initially a y10-dB directional coupler was placed between
the second LNA and the mixer. However, the LO signal was
observed at spectrum analyzer 1, due to poor LO to rf
isolation through the mixer. The directional coupler was then
moved to the position shown in Figure 3, which removed
most of the LO signal. The second output of the optical
coupler was heterodyned onto a separate photodetector ŽPicometrix D-15., to electrically isolate the reference oscillator
from the spectrum analyzer. Both spectrum analyzers were
used throughout the experiment to monitor the spectrum
both within and outside of the loop.
2.2. Hybrid OPLL Test Bed Experiments. Figure 4 shows the
spectrum of the beat signal when locking is achieved as
measured by the electrically isolated photodetector. Total
LNA gain was approximately 60 dB. The delay of the electronic components and connectors was measured with an HP
8510B network analyzer to be 1.9 ns. This could be reduced
to less than 1 ns with the removal of the directional coupler
and one LNA. The optical path delay was estimated by its
length to be 2.4 ns. In spite of this very large loop delay due
mainly to the use of fibers, continuous locking from 3.820 to
5.378 GHz was obtained, which corresponds to an excellent
hold-in range of 1.558 GHz. The beat signal under phaselocked conditions was monitored for over 1 h with the control
voltage at the slave laser indicating a large margin of safety
throughout the time. Fluctuations of the control voltage over
that period of time were less than 20% of the total range.
Therefore, we believe the lock could have been maintained
over a much longer period of time if desired.
Subsequently, an amplifier with a wider bandwidth but
lower gain Žtotal LNA gain now approximately 54 dB. was
substituted, and the new circuit was phase locked at various
beat frequencies in a very large continuous range between
1.00 and 20.75 GHz. With the master laser wavelength tuned
to 1556.98 nm, this corresponds to the ability to lock the slave
laser wavelength anywhere between 1556.99 and 1557.15 nm.
To the best of our knowledge, this represents both the largest

Figure 4 Spectrum of beat signal under phase-lock conditions as
measured by spectrum analyzer 2. Center frequency 2.253 GHz,
vertical scale 10 dBrdivision, horizontal scale 20 MHzrdivision,
video filter 3 kHz, resolution bandwidth 100 kHz, reference level
y30 dBm
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operating range and the highest locking frequency reported
for any OPLL with semiconductor lasers.
2.3. OPLL Operation with Monolithically Integrated Photorecei¨ er. A p-i-nrHBT photoreceiver was substituted for the
commercial photodiode. The InP-based HBT was grown by
molecular beam epitaxy and consists of an In 0.53 Ga 0.47 As
base and collector regions and an In 0.52 Al 0.48 As emitter
layer. The photoreceiver circuit is shown in Figure 5.
The y3-dB bandwidth of the circuit that was available for
this experiment was 5.3 GHz, as measured with a lightwave
test set ŽHP 83420A.. The optical probe needed to direct the
light onto the photoreceiver increased the optical path to
about 3.4 ns, making the total loop delay approximately 5.3
ns. The gain of the photoreceiver as measured with the
lightwave test set was 18 dB higher than that of the photodetector. However, difficulty in optimizing optical coupling when
the p-i-nrHBT photoreceiver was inserted in the loop made
the effective gain of the p-i-nrHBT photoreceiver only about
3 dB higher than that of the commercial photodiode used.
The gain of the second LNA had to be decreased to compensate for the increased loop gain and to maintain stability. The
additional gain available with improved alignment should
allow for removal of one LNA with further optimization of
the loop filter. Because of the higher gain, locking could be
achieved well beyond the y3-dB point of 5.3 GHz, up to 7.5
GHz Žapproximately y9-dB point.. With photoreceiver circuits of higher bandwidth and improved packaging techniques, this range is expected to reach the reported upper
frequency limit of the integrated photoreceiver, that is, 19.5
GHz w10x.
3. CONCLUSION

In conclusion, we have demonstrated the use of a fiber-based
test bed OPLL with the use of semiconductor lasers. Our test
bed demonstrates that in spite of the long loop delay associated with fiber-based components, a wide hold-in range Ž1.558
GHz. and a wide operating frequency range Ž1.00]20.75
GHz. could be achieved, both of which are among the best
reported. Although our hybrid circuit is not an ideal OPLL
for use in communications systems, it is more than adequate
for use as a test bed for testing various components andror

Figure 5

Circuit diagram of p-i-nrHBT photoreceiver

their partial integrations. The combination of flexibility necessary to physically lay out various combinations of components and the excellent frequency range and locking range
provide a stable environment for further work, and leads the
way to a monolithically integrated OPLL.
We also demonstrated the use of a monolithically integrated p-i-nrHBT photoreceiver in an OPLL. The remaining
transistor-based OPLL components are currently being designed with the use of the same transistor process used for
the photoreceiver.
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