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Optical Frequency Sweeper Using an Optical Ring
Circuit with a Tunable Injection-Locking Filter

M. Ishikawa, H. YasakaMember, IEEE F. Kano,Member, IEEE and Y. Yoshikuni,Member, |IEEE

Abstract—We report an optical-frequency sweeper based on an whose pulsewidth is set at the round-trip time of the ring
optical ring circuit containing an optical-frequency shifter and a  or narrower, is launched into the optical ring and circulates
delay-line fiber. High signal-to-noise ratio (30 dB) is achieved in it. The pulsed light undergoes a frequency shift with each

by introducing a tunable injection-locking filter (TILF). The irculation. Thus. the ri t tical-pulse train with
TILF utilizes a tunable laser (distributed Bragg reflector (DBR) circuiation. 1hus, the ring generates an optical-puise train wi

laser), which is injection locked to an input signal light. We have @ constant increment (or decrement) frequency and an interval
achieved a total sweep frequency of 144 GHz by switching the time. Therefore, a pulse with an arbitrary optical frequency

longitudinal modes of the DBR laser. can be obtained by selecting the time-slot.
Index Terms—Optical frequency conversion, optical frequency ~ While this method can generate an arbitrary optical fre-
synthesizers, injection locking, light sources. guency accurately, problems may occur due to the amplified

spontaneous emission (ASE) noise that is generated from
the optical amplifier and accumulates with the number of
circulations. The accumulated noise degrades the SNR of
BSOLUTE optical frequency synthesis will increase ifhe output light and limits the total sweep frequency range,
importance as a means of producing arbitrary optic@hich is proportional to the number of circulations. Tunable
frequency references for future photonic networks. In thgandpass filters can suppress the noise and increase the total
photonic networks, the number of optical channels has to B@eep frequency [3]. However, the SNR remains low. In this
increased to increase the transmission capacity of wavelengéfiter, we propose an optical-frequency sweeper that is free
division-multiplexing (WDM) systems by narrowing of WDM from the noise-accumulation problem, thereby achieving a
channel spacing. Therefore, for constructing systems wiiyher SNR output. The sweeper employs a narrow-band filter
frequency accuracy, precise optical frequency control of sigtilizing injection locking in a tunable laser, so we call it a
nal sources is indispensable using highly stabilized opticalmable injection-locking filter (TILF). The tunable laser in the
frequency references and optical-frequency test equipm@ising state can be used as a very narrow pass banasgr-
with high resolution and accuracy. The optical frequency syfine width) filter with constant output optical power, constant
thesizer is one of the promising candidates for the frequengylarization capability, and optical-frequency tunability when
reference and test equipment. For future high capacity WDMis injection locked to an input light. As a result, an optical
systems, it must have wide tunability Covering WDM Channe'ﬁmpﬁfier is not needed in the 0ptica| ring circuit.
a high signal-to-noise ratio (SNR), and high resolution (for test
equipment use) in addition to frequency accuracy. Optical- II. EXPERIMENT

frequency sweepers using an optical ring circuit have been. experimental configuration of an optical ring with our
used for absolute frequency synthesis [1]-[3]. These sweepﬂEF is shown in Fig. 1. The TILF consists of a three-

synthesize many optical frequencies by successive frequen o
shifting of the seed light. This method has the potential Oé(ctrode distributed Bragg reflector (DBR) laser and an op-

provide a wide sweep frequency range with accuracy. T |8al C|rcula_1tor. The optlc_al ring contains a flbgr pigtailed
: ; . acoustooptic frequency shifter (AOFS), whose shift frequency
frequency accuracy of the output light is determined by the . .
i 1§ —120 MHz, and a 1-km-long standard single-mode fiber
accuracy of the frequency shifter used for frequency shlas an obtical delav line. The master laser is highlv stabilized
and the seed light. Because the frequency shifter has an pY y fine. 'S highly Hz

o to 193.4000 THz, which is coincident with one of the grid
accuracy of better than 16, the output light's frequency frequencies in the ITU-T recommendations [4], using offset

also have accuracy when only one highly stabilized hng]ct)[Cmng on an acetylenel{CoHs) gas-absorption fine with

source is employed as a seed light. The optical ring circ%e accuracy oft50 MHz [5]. A seed pulse is generated by
contains an optical frequency shifter and an optical delay lin '

) ; . L ._the CW master laser and the electrooptic modulator (EOM),
The conventional optical ring circuit also employs an Optlc?faunched into the optical ring through the optical-fiber coupler
amplifier for loop loss compensation. A pulsed seed IIgha’nd then introduced into the AOFS. The first-order output of
Manuscript received July 13, 1999; revised September 3, 1999. the AOFS (with frequency shift) is sent to the TILF and the
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TILF. EOM: Electrooptic modulator. AOFS: Acoustooptic frequency shifter.
DBR laser: Distributed Bragg reflector laser.

Controller

a distributed feedback (DFB) laser light as signaP8 dBm)
o- and ASE noise (peak power of46 dBm) from a fiber
amplifier. The output light of the TILF (shown as a solid
line) undergoes 25-dB regeneration in signal light and 7-dB
suppression in noise light. Thus, the TILF improves the SNR,
although the noise suppression was limited by the sidemode-
suppression ratio of the DBR laser. The allowable frequency
deviation of the TILF is shown in Fig. 3 as a function of
the input-to-output power ratiQF;,/F..;) of the TILF. The
1548 15152 1556 vertical axis shows the frequency deviation that is the input
Wavelength [nm] light frequency subtracted by the free-running frequency of
Fig. 2. Filtering characteristics of the TILF. The dashed line shows inpthe TILF'. The free-running frequency was flxeq at .193'4 THz.
light, which consists of distributed feedback laser light and amplified sponti[he locking range (shaded area) becomes wider;as s
neous emission noise from an EDFA. The solid line shows the output ligincreases in this power-ratio range. The locking range of the
of the TILF. DBR laser in the optical ring is estimated-a#.5 to 4.1 GHz
from the loop loss of the optical ring (16.4 dB, excluding the
controller adjusts the signal polarization so that the TILFILF), as indicated in Fig. 3 by the arrow. Then, the required
can be best performing. The optical ring has a loop loss Bquency control accuracy of the TILF s +4 GHz.
~16.4 dB, excluding the TILF loss, and a round-trip time of A synthesized light pulse-train is successfully created by
~5.1 us. The pulsewidth of the launched master light is séaunching a seed pulse into the optical ring. The time- and
to ~3 us in this experiment so that the injection-locking angpectral-resolved power profiles of the output light are shown
free-running condition can be differentiated by monitoring thi@ Fig. 4. The optical frequency shifted on a line with a
frequency change. The free running part (unlocked part) of ta@pe of —120 MHz/circulation as shown in Fig. 4(a). Mag-
output, of course, can be eliminated for practical use by settingied successively injection-locked pulse-trains are shown in
the pulsewidth of the master light to the round-trip time.  Fig. 4(b). Owing to seed pulsewidth being narrower than the
The frequency control of the DBR laser and the switchingeund-trip time, injection-locked and -unlocked frequencies
timing control of the EOM are done by the programmablappear alternately, which reveals successive injection locking.
voltage controller. The optical frequency of the DBR laser In three-electrode DBR lasers, longitudinal mode switching
is controlled through the DBR and the phase-controller eleis- needed to access full quasicontinuously tuning range as
trodes. The optical frequency map plotted against voltagesde as 800 GHz. To minimize thermal drift and output
to the DBR and the phase-controller electrodes was utilizedwer change, the mode switching has to be introduced every
for creating a series of voltage data given to the controlldongitudinal-mode spacing of the DBR laser (100 GHz, for
The series was designed so that the free-running frequeticg TILF). At ¢ = 3360 us, the voltage applied to the
of the laser changed every six round-trips by720 MHz phase-controller region was changed abruptly to introduce a
(=120 MHz x 6). The frequency deviation between the fregphase shift. A mode switching to the neighbor mode was
running and the circulating signal light had to be maintainegalized without an optical frequency change. Quasicontinuous
within the locking range to activate the TILF. The filteringrequency sweep under free-running conditions was achieved
characteristics of our TILF are shown in Fig. 2. The currens shown in Fig. 4(c). After the mode switching, frequency
of the phase controller and DBR region are set to be lockeddbirping appears, which is the thermal effect caused by the
the input signal light. The input light (dashed line) consisted oépid change of control voltage. However, the free-running
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and the successive injection locking was not obtained over a
144-GHz range. By optimizing the TILF control, the sweeper
will be able to cover the whole tuning range of the DBR laser
or the TILF (~800 GHz).

I1l. CONCLUSION

We have developed an optical-frequency sweeper with a
bandpass filter using injection locking in a DBR laser for high
SNR light source. We achieved absolute optical-frequency
synthesis by using an optical ring circuit with our filter.
We also demonstrated total sweep frequency expansion by
switching the longitudinal modes of the DBR laser. The
achieved circulation number was 1200, which corresponds to
a total sweep frequency of 144 GHz with higher SNR than
30 dB.
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