IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 11, NO. 3, MARCH 2001 101

60 GHz Millimeter-Wave Source Using Two-Mode
Injection-Locking of a Fabry—Perot Slave Laser

Masahiro Ogusu, K. Inagaki, and Y. Mizuguchi

Abstract—We demonstrate 60 GHz carrier generation and
transmission using a two-mode injection-locked Fabry—Perot FP
(F-P) slave laser. The relationship between the power of the
generated carriers and the frequency of the reference signal for
the injection-locking is also investigated. The RF power-penalty
caused by fiber dispersion was within 2.0 dB when the locked
modes were transmitted at distance of 0.5-48 km. Accordingly, |pFB
the two-mode locked F—P laser can be used in fiber-based mil-
limeter-wave systems.
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Fig. 1. Experimental setup.

I. INTRODUCTION

IRELESS communication links using fiber-based mil- In this .Ietter, we present phase-noise characteristics of 60
. GHz carriers from the above two-mode locked F-P laser and
limeter-wave (mm-wave) systems are expected to sup- . . .
. . . e relationship between the power of the carriers and the fre-
port high-capacity networks in the future. One of the research . C :
: . . duency of the reference signal for the injection-locking. The
areas for such systems is the optical generation of mm-waf e o L A . .
. : }{tfgr transmission of the carriers in investigating the immunity
carriers. The optical mm-wave sources of these systems should . . . T
. . agamst fiber dispersion is also reported.
have at least the following performance for generated carriers.
purity (low phase-noise), tunability, and tolerance against fiber
dispersion. Methods based on the heterodyne detection of two !l CARRIER GENERATION AND FIBER TRANSMISSION
waves in a photo detector (PD) and the optical injection locking The experimental setup is shown in Fig. 1. The master laser
of semiconductor laser diodes can not only achieve this peburce is a DFB laser whose spectral width is about 10 MHz.
formance, but can also reduce the reference frequency for #ige DFB lasers output is coupled into a phase modulator via
carrier generation [1]-[4]. The mm-wave sources should ala@ optical attenuator. The modulator is driven by the reference
have _S|mple and post-effecuve configurations to enable.th_e cefignal from a signal generator. The modulator output is con-
struction of practical mm-wave access systems. When injectigcted with the F-P laser through a three-port optical circulator.
locking between lasers is adopted for a mm-wave source, Bile mode spacing of the F—P laser is about 60 GHz. When the
issue that becomes very important for the stability of the gefiequency of the DFB laser is nearly the same as the central
erated carriers is the immunity of the source against frequeng¥quency of any two modes of the F—P laser, the modes are
detuning between the master and slave lasers [1], [4]. By usigignultaneously locked to a pair of sidebands from the modu-
a simple Fabry—Perot (F-P) laser with a very lghcavity as  lator. The locked modes are sent to a conventional single-mode
the slgve source, we were able to obtain the widely allowakfiger (SMF). An erbium-doped fiber amplifier (EDFA) is con-
detuning of 8 GHz, which corresponded to the laser's thermacted to the circulator output to compensate for the transmis-
deviations 0f+0.3 °C. We could also confirm a wide tunablesjon loss of the fiber. The locked modes are then detected in a
range (59-64 GHz) without changing the temperatures or thigh-speed (50 GHz) PD, and the beat signal is observed with
injection currents of the lasers [4]. In addition, a configuratiog spectrum analyzer. The temperatures of both lasers are con-
that uses a multimode-laser as the slave source can introditegled to 4+-0.01 °C; this is sufficient for the stable locking of
an expansion of the frequency range for the master source Bk F—P laser.
[4]. This wide range is cost-effective because any of anumber ofFig. 2 shows the optical spectrum of the circulator output
DFB (master) lasers can be adopted without selecting a matchgen the frequency and power of the reference signal were 30
pair of lasers for the injection locking. GHz and+13 dBm. The optical power at the modulator output
was—13 dBm. The injection current of the F—P slave laser was
Manuscript received October 11, 2000; revised January 17, 2001. The revle® MA, which was 1.2 times larger than the threshold current.
of this letter was arranged by Associate Editor Dr. Ruediger Vahldieck. The optical gain in the slave laser was about 15 dB. The gen-
The authors are with ATR Adaptive Communications Research Laboratories d 60 GH . d th h . h —
Kyoto 619-0288, Japan (e-mail: 0gusu@acr.atr.co.jp). €rate z carrier and the phase-noise characteristics are
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Fig. 2. Optical spectrum of a two-mode locked F—P laser. i
]
K2 - F-P laser output |
L . A i S A
was —92.8 dBc/Hz, which indicated only 7.5 dB degradation ? N+
from the 30 GHz CW of the generator. The phase noise ap- ﬁ -90 N~ -] L]
peared to be large in the high frequency offset region due to § TTINT °~1
the lack of the carrier's power for the phase-noise measurement o : S
because the bandwidth of the PD was about 50 GHz. The rela- L ¥gnal el T
tionship between the reference frequency and the phase-noise at 4401 U T
100 KHz offset is shown in Fig. 3(c). The purity of the gener- 10K 100K M 10M
ated carriers was maintained (—90 dBc/Hz) for the reference Frequency offset from carrier (Hz)
signal of 7.5-30 GHz CW because the phase-noise characteris- )
tics of the generator’s output were improved as the frequency
was lowered. g 80 i
The reduction of the reference frequency was limited by the € g« o ke modes
allowable detuning between the lasers. When the reference fre- N
guency was lower than 7.5 GHz, the carrier's power became §,N\ 90 .
unstable. In addition, the power ratio of a pair of sidebands for g% 95 MR ¢ A
the injection-locking to the total power at the modulator output so
became small as the reference frequency was lower. In the case -2 100 g
of the small power ratio, the F-P slave laser tended to saturate g
due to the optical injection of the lower order sidebands, which § 105 ¢ o
were not related to the two-mode injection-locking. We inves- & 440 0o
tigated the relationship between the power of 60 GHz carrier 0 10 20 30 40
and the optical power at the phase modulator output when the Reference frequency (GHz)
reference frequencies are 30, 15, 10, and 7.5 GHz (Fig. 4). The ©

optical power was controlled by the optical variable attenuator
inserted at the DFB laser. The injection current of the F—P laser . ) . .

. . Fig. 3. (a) Generated carrier. (b) Phase-noise characteristics of 60 GHz carriers
and the power of the reference signal were fixed to 58 mA agF?d signal generator output. (c) Phase-noise at 100 KHz offset from 60 GHz for
+13 dBm. It was found that the modulator output should be leserent reference signal frequencies.
than—10 dBm to avoid the FP laser’s saturation.

Next, we attempted the fiber transmission of the lockgubwer was observed. An optical carrier from the DFB laser
modes to investigate the tolerance against fiber dispersi@md the unwanted sidebands from the phase modulator were
Fig. 5(a) and (b) show the relationships between the transmpgtly passed through the F-P laser (Fig. 2). These unwanted
sion length of the modes and the RF power penalty of generatemmponents induced the carrier's power deviation due to the
carriers when the optical power at the PD was fixedtb0 fiber chromatic dispersion [5]. In the case of the 30 GHz
dBm by adjusting an optical variable attenuator inserted @dference signal [Fig. 5(a)], two unwanted 60 GHz beat signals,
the PD. The power of the reference signal and the injectiovhich were induced from the DFB laser’s optical carrier and
current of the FP laser were 13 dBm and 58 mA. The referenitee +2nd sidebands at the PD, interfered with the 60 GHz
frequency of 30 and 15 GHz were examined for the carriearrier from the locked modes. However, the power penalty
transmission. We were able to transmit carriers over 0.5-d8e to the dispersion was within 3.5 dB. The power penalty
km single-mode fibers although the deviation of carrier'sould be reduced within 2.0 dB when a 0.8 nm band-pass filter
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was inserted into the circulator output to suppresstand b
sidebands. The power penalty’s periodidtys given by ()

Fig. 5. (a) Relationship between the fiber length and carrier power when the
(1) reference frequency is 30 GHz. (b) Relationship between the fiber length and

L =2r{p3 ed — Wan: -1 ; :
T{B2wrF (Wiocked — Wunwanted) } carrier power when the reference frequency is 15 GHz.

wherefs, wrr, Wiocked: ANAwynwanteq are the group-velocity
dispersion parameter of the fiber, angular frequency of the [1l. CONCLUSION

generated carrier, averaged angular frequency of the lockeque nave demonstrated performance of the 60 GHz carrier
modes, and averaged angular frequency of a pair of optigalneration via a two-mode injection-locked F—P laser. The gen-
components (zeroth and second sidebands), which geneggigeq mm-wave carrier indicated low phase-noise characteris
the unwanted beat signals, respectively. The periodicity gfs and the immunity against the chromatic dispersion of fibers.
4 km [Fig. 5(a)] was reasonable because the result wethe minimum reference frequency and the carrier’'s power de-
matched equation (1), wherg, was set to 22 ggkm (this yjation due to the dispersion were 7.5 GHz and 2.0 dB. Then,
is a typical value for conventional single-mode fibers) anghm-wave generation based on the two-mode locked F—P laser
(Wioeked = Wunwanted) - (27) 71 = 30 GHz. When the reference js suitable for fiber radio systems as the mm-wave sources.
frequency was 15 GHz, two unwanted 60 GHz beat signals,
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