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I. INTRODUCTION

OMPACT and stable high-speed optical pulse sources

are important for high-speed optical communication§g. 1. Experimental setup.
systems with transmission rates of 40 Gb/s and greater [1].
Mode-locked semiconductor lasers, electrically driven eled0-GHz radio-frequency (RF) driving source. We also experi-
troabsorption modulators (EAMs), and gain-switched laserentally demonstrate the impact of the external light injection
diodes (LDs) are among techniques that have been previougiyver level into the gain-switched DBR-LD on the modulation
demonstrated, but practical issues have limited their use éfiiciency, the pulsewidth, and the spectrum bandwidth.
communications systems. Mode-locked lasers demonstrate
high performance pulse generation, however, the repetition rate [I. EXPERIMENTAL SETUP

is difficult to adjust. Traveling-wave EAMs have been used to Thq experimental setup is shown in Fig. 1. The DBR-LD was

generate 40-GHz optical pulses [2], but EAMs introduce 10sg;icated at the Royal Institute of Technology (KTH), Sweden
The gain-switched laser is an attractive approach due {0 (& and has a threshold current of 12 mA. When the DBR-LD
potential for integration, power efficiency, relative long-termy gperated at 60-mA bias current, the center wavelength of the
stability, and high output power. However, to date, the repefinted light is 1553.7 nm, the side-mode suppression ratio is
tion rate of gain-switched pulses has been limited to less thag, e 40 dB. and the output power is 4 dBm into an antire-
20 GHz [3], [4]. o , . flection-coated taper-lensed-fiber pigtail. Its 3-dB modulation
The theory for strong optical injection locking of LD predicts,anqwidth at 60-mA bias current is about 20 GHz. Two RF fre-
quulatlon bandwidth enhancement and chirp reduction [Eﬂuency doublers and a 40-GHz RF amplifier were used to ob-
This approach has been employed to extend the modulatigfh 49-GHz sinusoidal modulation signal from a 10-GHz RF
bandwidth and reduce chirp for a strong injection-lockeg \hegizer. A ground-signal-ground coplanar RF probe was
high-speed distributed Bragg reflector (DBR) LD [6], [7]sed to apply the dc bias current and modulation signal to the

In this letter, we report the first experimental demonstratiqﬂBR_LD. External light injection to the DBR-LD was realized

of 40-GHz optical pulse generation from a gain-switcheg \;sing a wavelength tunable laser via an isolator and an op-

high-speed DBR-LD using strong external light injection Q¢4 circulator. A polarization controller was used to optimize
enhance the modulation response of the DBR-LD. In this worle jight injection from the tunable laser. A 50-GHz sampling
the output 40-GHz pulses are measured at 8-ps pulsewidth gadjjipscope and an RF spectrum analyzer, in conjunction with
are nearly transform-limited. The absolute root-mean squafes.GHz p-i-n photodetector, were used to measure the tem-
(rms) timing jitter of the 40-GHz pulses is dominated by thg, 5| and spectral behavior of the output pulses, respectively.

An autocorrelator was employed to measure the pulsewidth.
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Fig. 3. 40-GHz pulse signal in the frequent domain. Top: without injection.
Bottom: with injection.

@ served under different injection wavelengths except when the in-
Horizontal: 0.5nm/div jection wavelength coincides with the center wavelength of the
DBR-LD due to competition between the comparable field am-
plitudes of the DBR-LD and the optical injection. The maximum
modulation efficiency enhancement was obtained at an injection
| With injection N wavelength of 1553.3 nm. The corresponding pulse output is
Delay. time (ps) shown as the lower waveform of Fig. 2(a) and the average output
\' power was about 2.8 dBm. The greatly enhanced pulse extinc-
-40 | : tion ratio indicates that the DBR-LD has been gain-switched
Ediinal at 40 GHz. The excited optical field due to the external light
injection injection also beats with the main mode when phase locked
and further enhances the pulse extinction ratio. The dc level of
15525 1553.0 15535 15540 15545 the 40-GHz pulse stream cannot be judged directly from the
Wavelength (nm) sampling oscilloscope due to the limited photodetector band-
(b) width. A small dc offset was observed from the autocorrela-
tion traces of the 40-GHz pulses. The optical spectrum of the
Fig. 2. (a) 40-GHz pulse outputs without injection (upper) and with injectiof0-GHZ pulses is shown as the dark line of Fig. 2(b). The insuf-
(lower) at 60-mA bias current. (b) Corresponding optical spectra without afitient separation of sideband components of the gain-switched
with injection, respgct_ivel_y. Inset waveform in (b): autocorrelation trace %BR—LD were due to the insufficient Wavelength resolution of
40-GHz pulses with injection. . .
the optical spectrum analyzer, whose wavelength resolution was
0.1 nm. The pulse trains in Fig. 2(a) appear to be sinusoidal due
output power of 20 dBm. The laser output was low and 9 the limited measurement bandwidth of the combined sam-
shown in the upper waveform in Fig. 2(a) with the sampling ogling oscilloscope and the photodetector. The actual pulsewidth
cilloscope persistence time setto 1 s. The corresponding optia@ls measured with a second-harmonic generation (SHG) auto-
spectrum is shown as the grey line in Fig. 2(b) and demonstragggrelation method. The inset waveform of Fig. 2(b) shows the
40-GHz pulses cannot be generated directly through stro8giG autocorrelation trace for the 40-GHz pulses and it shows
modulation of the DBR-LD without optical injection due tothe pulsewidth is about 8 ps. Its 3-dB spectrum bandwidth was
the limited modulation response of the DBR-LD at 60-mAbout 0.49 nm after fitting the optical spectrum into a Gaussian
bias current. Although the DBR-LD cannot be effectivelgnvelope. The resulting time bandwidth product is 0.49, which is
gain-switched at 40 GHz, its optical spectrum was broadengidse to 0.44 for transform-limited Gaussian pulses. The mode
and generated multiple sideband components due to the strgpgcing was 0.32 nm40 GHz), which agrees well with the
modulation. When the wavelength of the strong external lighépetition rate of the optical pulses. We found that the lasing
injection is adjusted to overlap with either one of the sidebapgak was about 0.2 nm red-shifted, which is partially due to
components, there is an increased coupling between the carrigiating and partially due to the reduced threshold carrier den-
and photons. Thus, an effectively higher differential gain isity.
achieved with effective enhanced modulation efficiency. As aFig. 3 shows the measurement results in the frequency
result, the DBR-LD can be gain-switched at higher speeds. domain without and with external light injection. At around
The tunable laser, with an output power of 9 dBm, was im0 GHz, strong optical injection leads to above 16-dB improve-
jected into the DBR-LD. We estimate the external optical irment in the electrical modulation frequency. Fig. 4 displays the
jection power into the DBR-LD to be around 4 dBm assuminBF spectra of the 40-GHz RF driving source and corresponding
the insertion loss of the circulator and the coupling loss betweé&6-GHz gain-switched pulses with injection. The RF spectrum
the lensed fiber and the DBR-LD to be approximately 5 dB. Thaf the 40-GHz driving source shown as the dark line in Fig. 4
wavelength of the injected light was tuned to meet either oneisfobtained by connecting the amplifier and synthesizer directly
the sideband peaks of the gain-switched DBR-LD. In the expé&o- the RF spectrum analyzer via a 20-dB RF attenuator. The
iment, different modulation efficiency enhancements were oRF spectrum of the 40-GHz gain-switched pulses is shown as
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clearly, waveform average was used. The increase of the
modulation response due to the increase of the injection power
enhances the gain-switched pulses and consequentially reduces
the pulsewidth [6]. Through calculating the time bandwidth
product using the pulsewidth and the spectrum bandwidth,
shown as Fig. 5(b), which was taken under optimum operation
(minimum output pulsewidth), it indicates the reduction of the
frequency chirping with the increase of the injection power.
The spectrum bandwidth slightly decreased as the external
light injection power increased. The reason is that external
light injection reduced the threshold gain in the active region,
and thus, the peak population inversion level could be reached
during a short period of optical pulse generation. If higher ex-
gegnal light injection is used, it could result in pulse degradation
due to excessive heating.

IV. CONCLUSION

We have experimentally demonstrated 8-ps 40-GHz rep-
etition rate direct pulse generation using a gain-switched
DBR-LD. Strong external light injection is employed to
enhance the effective modulation efficiency. The near trans-
form-limited 40-GHz optical pulses show comparable timing
jitter values to the RF driving source itself. We demonstrate that
strong external light injection improves the modulation effi-
ciency. This approach shows promise as a compact high-speed
pulse source for 40-Gb/s applications using a relatively low
modulation response LD.
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