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ABSTRACT

We compare the noise characteristics of optical pulses generated from an actively mode-locked (AML) erbium-doped
fiber laser (EDFL) with a semiconductor optical amplifier and an injection-locked EDFL with a gain-switched Fabry-
Perot laser diode (FPLD). The mode-locked EDFL pulse exhibits a phase noise of -110.1 dBc/Hz (at 1 MHz offset
frequencies from the carrier), the timing jitter of 1.16 ps, and a supermode noise suppression ratio of 47.5 dB. The
injection-locked EDFL pulse exhibits a phase noise of -121.1 dBc/Hz (at 1 MHz offset frequencies from the carrier), a
timing jitter of 0.31 ps, and a supermode noise suppression ratio of 51 dB. It is demonstrated that the injection-locked
EDFL with a gain-switched FPLD has lower noise characteristics than the AML-EDFL.

Keywords: Pulsewidth, Phase noise, Timing jitter, Supermode noise.

1. INTRODUCTION

Pulses can be generated from erbium-doped fiber lasers (EDFL’s) either by mode-locking technique with a Mach-
Zehnder intensity modulator or by injection-locking technique with a gain-switched laser diode [1]. Actively mode-
locked EDFL’s have been emerged to generate short and high repetition-rate optical pulse trains [2-4] for application in
high-speed optical time division multiplexed (OTDM) transmission system [5] and electro-optical sampling [6].
However, EDFL’s are sensitive to environmental perturbation such as temperature fluctuations and mechanical
vibration due to their relatively long cavity length and a large number of cavity modes are associated with the main
longitudinal modes. Thus, the optical pulses generated from an actively mode-locked erbium-doped fiber laser (AML-
EDFL) suffer from both pulse supermode and phase (timing jitter) noises. Previously, Gupta et al. used a
regeneratively mode-locked fiber laser technique to suppress supermode noise and phase noise (or timing jitter) [7].
On the other hand, gain-switched laser diodes (GSLD’s) also have been extensively used to generate the picosecond
optical pulses needed by high-bit-rate transmission system [8-10], all-optical demultiplexers [11], optical sampling
systems [12], and so on. GSLD’s do not require specially fabricated devices or external cavity configuration to
generate the repetition-rate-variable pulse. In most applications, the pulse-to-pulse timing jitter seriously degrades the
bit error rate (BER) performance [13] or temporal resolution. The latter aspects are particularly essential for
application in electro-optic probing or sampling instrumentations. Wang reported that timing jitter reduction of
GSLD’s with external pulse injection [14]. Lin ef al. used mutually injection-locked Fabry-Perot laser diode and
erbium-doped fiber amplifier (EDFA) link to achieve supermode-noise suppression [15]. In this paper, we compare
the output characteristics of a mode-locked EDFL [with a conventional loss modulator and a semiconductor optical
amplifier (SOA)] with an injection-locked EDFL (with a GSLD). The latter is based on injection of a gain-switched
Fabry-Perot laser pulse into a ring cavity with an erbium-doped fiber amplifier inside. The characteristics of pulse
such as the supermode noise, the phase noise, and the timing jitter are measured and compared.

2. EXPERIMENT SETUP

Two types of pulsed EDFL’s are constructed; one is an AML-EDFL and the other is an injection-locked EDFL with a
GSLD.
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2.1 AML-EDFL

Figure 1 is an AML-EDFL by using a using a Mach-Zehnder intensity modulator (MZM) as a mode-locker, and a
semiconductor optical amplifier (SOA) as an intra-cavity filter. It consists of an erbium-doped fiber amplifier (EDFA),
a pair of Faraday optical isolators, an optical band-pass filter (OBPF), a pair of polarization controllers, an SOA, a
LiNbO; MZM and an optical coupler (OC) of 90:10 coupling ratio. An MZM is biased at its half-wave voltage (1/2
V,) of 8 V and driven by a microwave synthesizer with power of 22 dBm at frequencies of 980.16 MHz. As the
frequency is detuned to coincide with one harmonic of the ring cavity, the perfect mode-locking can be achieved. A
commercial fiber-pigtailed SOA, which has a typical small signal gain of 25 dB, is employed as an intra-cavity
supermode-noise suppressor. Since the SOA and LiNbO; MZM are both sensitive to the polarization orientation, a
pair of polarization controllers (PC’s) optimizes the polarization orientation of the circulating pulses and a pair of
Faraday optical isolators ensures the unidirectional cavity. The output optical power is coupled out from the cavity by
using a 10% OC and feedback power ratio is 90%. In the AML-EDFL, the filtered amplified spontaneous emission
(ASE) of EDFA feedback-injects into the SOA after passing through a commercially available optical band-pass filter
(OBPF). The OBPF inserted between the EDFA and the SOA is used to avoid other unwanted cavity modes being
amplified and reduces the amplification of the ASE components over a wide gain spectrum. The bandwidth of the
OBPF (JDS, TB 1500B) at 3-dB decay is 1.38 nm, which is measured by using a gain-clamped EDFA based broadband
ASE source. A stable pulse train can be obtained when the modulation frequency is detuned to coincide with one
harmonic of the ring cavity and PC’s are properly adjusted. The length of the EDFL ring cavity is 25 m, which gives
rise to a longitudinal mode spacing of 8 MHz (calculated by ¢/nL). Moreover, the spectral output of an AML-EDFL is
monitored by electrical spectrum analyzer (ESA, Agilent HP8565E) in connection with a photodetector (PD, New Focus
1014) to measure the supermode noise suppression ratio, the phase noise, and timing jitter.

Fig. 1 The schematic diagram of the AML-EDFL. The Vi, is set at 8 V for linear operation. PC: polarization controller;
OC: optical coupler; OBPF: optical band-pass filter; EDFA: erbium-doped fiber amplifier; SOA: semiconductor optical amplifier;
and MZM: Mach-Zehnder intensity modulator.

2.2 GSLD-EDFA

Figure 2 is the injection-locked EDFL with a GSLD. It consists of a comb generator, an EDFA, an optical circulator, a
pair of Faraday optical isolators, an OBPF, and an OC of 90:10 coupling ratio. An electrical pulse generator is
employed to provide electrical pulse train at repetition rate of around 1 GHz for gain-switching the Fabry-Perot laser
diode, which is dc-baised at 3.4 mA below threshold. The wavelength, threshold current, and longitudinal mode
spacing of the free-running FPLD at 25 °C are about 1550 nm, 8 mA and 1.2 nm, respectively. The light travels in one
direction due to the isolators inside the ring cavity. The filtered ASE of EDFA feedback-injects into the FPLD after
passing through OBPF in the GSLD-EDFA link. Then, the FPLD is controlled at below threshold condition, and the
center wavelength of the OBPF is adjusted to match that of the SOA (at 1550nm). After passing the OBPF, the
amplified EDFL pulse is feedback injected into the FPLD to reduce the effect of spontaneous emission noise. This
leads to a significant reduction in rms timing jitter, the stimulated emission reduces relative fluctuation in the photon
density. The feedback from EDFA is also used to facilitate single longitudinal mode lasing with improved side mode
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suppression ratio (SMSR) lasing in FPLD. On the other hand, the feedback wavelength of gain-switched pulses must
match the wavelength of center longitudinal mode of the FPLD at 1550 nm for getting the lowest phase noise (or timing
jitter) and highest SMSR.
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Fig. 2 The schematic diagram of the injection-locked EDFL with a gain-switched Fabry-Perot laser diode (GSLD). Comb:
Electrical pulse generator; EDFA: Erbium-doped fiber amplifier; OC: Optical coupler; OBPF: Optical band-pass filter; FPLD:
Fabry-Perot laser diode.

3. RESULTS AND DISCUSSION

As a result, we compare the evolution of peak power, pulsewidth, absolute single side band (SSB) phase noise spectra,
timing jitter, and supermode noise. Figure 3 shows the pulsewidths without and with SOA in the AML-EDFL. The
pulsewidths are 36.7 ps without SOA and 66.2 ps with SOA operated at 42.4 mA, respectively. The output peak
powers are 1.7 mW and 2.3mW, respectively. When GSLD is without feedback injection, the pulsewidth is 29.4 ps
and output peak power is 10.9 mW (see Fig. 4). When the gain-switched FPLD is injection-locked by an amplified
pulse, the shorter pulsewidth of 25.7 ps and larger output peak power of 12.9 mW are obtained as compared with GSLD
without feedback (see Fig. 4). The output peak power of the AML-EDFL with an intra-cavity SOA is larger, however,
its pulsewidth is slightly broadened due to the adding of SOA.
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Fig. 3 The variations of pulsewidth as the AML-EDFL with and without SOA.
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Fig. 4 The variations of pulsewidth as the GSLD with and without feedback.

The analysis of phase noise (or timing jitter) is extensively used in versatile lasers [16-20]. The phase noise of optical
pulses generated from AML-EDFL and GSLD-EDFA link are also characterized. It is clearly found that the absolute
SSB phase noise density of GSLD-EDFA link (see Fig. 8) is lower than that of AML-EDFL (see Figs. 5 and 6) with and
without SOA at offset frequencies ranged from 10 Hz to 10 MHz. The phase noises in the AML-EDFL with and
without SOA at offset frequencies of 1 MHz are -110.1 dBc/Hz and -114.4 dBc/Hz, respectively. This interprets that
the phase noise is degraded as adding SOA into the ring cavity of AML-EDFL. The phase noise of GSLD without
feedback injection is -113.7 dBc/Hz at offset frequencies of 1 MHz. However, the GSLD-EDFA link has a lower
phase noise (-121.2 dBc/Hz at offset frequencies of 1 MHz from the carrier) than ever reported in the AML-EDFL.
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Fig. 5 The absolute single sideband phase noise density in the AML-EDFL with SOA.
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Fig. 6 The absolute single sideband phase noise density in the AML-EDFL without SOA.
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Fig. 7 The absolute single sideband phase noise density in the GSLD without feedback injection.
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Fig. 8 The absolute single side band phase noise density in GSLD with feedback injection (i.e. GSLD-EDFA link).

To determine the timing jitter in the pulse train, the SSB phase noise density is calculated from phase noise spectra
obtained by an RF spectrum analyzer. As shown in Figs. 9 and 10, the corresponding timing jitters of AML-EDFL
with and without SOA at offset frequencies of 1MHz from the carrier are 1.16 ps and 1.12 ps, respectively. The timing
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jitter of 0.55 ps and 0.31 ps (at offset frequencies of 1 MHz from the carrier) in GSLD without and with feedback
injection are also illustrated in Figs. 11 and 12, respectively.
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Fig. 9 The timing jitter in the AML-EDFL with SOA.
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Fig. 10 The timing jitter in the AML-EDFL without SOA.
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Fig. 11 The timing jitter in the GSLD without feedback injection.

648  Proc. of SPIE Vol. 5623

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/26/2014 Terms of Use: http://spiedl.org/terms



01}

Timing Jitter (ps)

0'01 PEETETTIT BT EETIT BT | I /| PIERETIT B ETEE T

10 100 1k 10k 1M( ™M 10M
Offset Frequency (Hz)
Fig. 12 The timing jitter in the GSLD with feedback injection (i.e. GSLD-EDFA link).

The AML-EDFL exhibits an improvement of the supermode noise suppression ratio due to the insertion of SOA. As
shown in Figs 13 and 14, it is found that the supermode noise suppression ratios in the AML-EDFL without and with
SOA are 42 dB and 47.5 dB, respectively. However, the supermode-noise suppression ratio is improved in the GSLD-
EDFA link. Figure 15 shows a maximum supermode-noise suppression ratio of 51 dB over a frequency span of 50
MHz in the GSLD-EDFA link. The measurement confirms that supermode noise induced by cavity modes is greatly
suppressed in the GSLD-EDFA link. According to all measured results, GSLD-EDFA link is more suitable than
AML-EDFL for electro-optics sampling systems or high-speed TDM applications.
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Fig. 13 The supermode noise in the AML-EDFL without SOA. (VBW=10 kHz; RBW=100 kHz; and SPAN=50 MHz)
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Fig. 14. The supermode noise in the AML-EDFL with SOA. (VBW=10 kHz; RBW=100 kHz; and SPAN=50 MHz)
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Fig. 15. The supermode noise in the GSLD-EDFA. (VBW=10 kHz; RBW=100 kHz; and SPAN=50 MHz)
4. CONCLUSION

An actively mode-locked erbium-doped fiber laser (AML-EDFL) and an injection-locked erbium-doped fiber laser with
a gain-switched Fabry-Perot laser diode (GSLD-EDFA) are compared in this paper. The evolution of peak power,
pulsewidth, absolute single side band (SSB) phase noise spectra, timing jitter, and supermode noise for two kinds of
different system are compared. The results show that for electro-optic sampling application a GSLD-EDFA has better
performance in the pulsewidth, the peak power, the phase noise, the timing jitter, and supermode noise. Without an
SOA inside the cavity of AML-EDFL, the peak power of 1.7 mW, the pulsewidth of 36.7 ps, the phase noise of -114.4
dBc/Hz (at 1 MHz offset frequencies from the carrier), the timing jitter of 1.12 ps, and the supermode noise suppression
ratio of 42 dB are measured. By adding an SOA into the cavity of an EDFL, the peak power of 2.3 mW, the
pulsewidth of 66.2 ps, the phase noise of -110.1 dBc/Hz (at 1 MHz offset frequencies from the carrier), the timing jitter
of 1.16 ps, and the supermode noise suppression ratio of 47.5 dB are also measured. By contrast, AML-EDFL with
SOA has better performance than AML-EDFL without SOA in the peak power and the supermode noise suppression
ratio but the pulsewidth, the phase noise, and the timing jitter are worse. Therefore, GSLD-EDFA link has higher peak
power (12.9 mW), shorter pulsewidth (25.7 ps), and lower noise (phase noise of-121.1 dBc/Hz at offset frequencies of 1
MHz from the carrier, timing jitter of 0.31 ps, and supermode noise suppression ratio of 51 dB) than AML-EDFL (either
with or without SOA). Therefore, the GSLD-EDFA link is most suitable for applications such as high-speed optical
time division multiplexed (OTDM) transmission, electro-optical sampling, and so on.

ACKNOWLEDGEMENT

650 Proc. of SPIE Vol. 5623

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/26/2014 Terms of Use: http://spiedl.org/terms



This work was supported in part by National Science Council under grants NSC92-2215-E-009-028 and NSC93-2215-
E-009-007.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

REFERENCES

K.Y. Lau, “Short-pulse and high-frequency signal generation in semiconductor lasers,” J. Lightwave Technol., vol.
7, pp- 400-419, 1989.

H. Takara, S. Kawanishi, M. Saruwatari, and K. Noguchi, “Generation of highly stable 20 GHz transform-limited
optical pulses from actively mode-locked Er’*-doped fibre lasers with an all-polarisation maintaining ring cavity,”
Electron. Lett., vol. 28, pp. 2095-2096, 1992.

Th. Pfeiffer and G. Veith, “40GHz pulse generation using a widely tunable all polarization preserving erbium fiber
ring laser,” Electron. Lett., vol. 29, pp. 1849-1850, 1993.

K. K. Gupta and D. Novak, “Millimetre-wave repetition-rate optical pulse train generation in a harmonically
modelocked fiber ring laser,” Electron. Lett., vol. 23, pp. 1330-1331, 1997.

S. Kawanishi, K. Okamoto, M. Ishii, O. Kamatani, H. Takara, and K. Uchiyama, “All-optical time-division-
multiplexing of 100 Gbit/s signal based on four-wave mixing in a travelling-wave semiconductor laser amplifier,”
Electron. Lett., vol. 33, pp. 976-977, 1997.

N. de Baynes, J. Allan, and J. R. A. Cleaver, “Mode-discriminating electrooptic sampling for separating guided and
unguided modes on coplanar waveguide,” IEEE Micro. Guided Wave Lett., vol. 6, pp. 126-128, 1996.

K. K. Gupta, D. Novak, and Liu Hai-Feng, “Noise characterization of a regeneratively mode-locked fiber ring
laser,” IEEE J. Quantum Electron., vol. 36, pp. 70-78, 2000.

A. Takada and M. Saruwatari, “100Gbit/s optical signal generation by time-division multiplication of modulated
and compressed pulses from gain-switched distributed feedback (DFB) laser diode,” Electron. Lett., vol. 24, pp.
1406-1408, 1988.

K. Iwatsuki, K. Suzuki, S. Nishi, M. Saruwatari, and K. Nakagawa, “20G/s optical soliton data transmission over
70 km using distributed fiber amplifiers,” IEEE Photon. Technol. Lett,. vol. 2, pp. 905-907, 1990.

S. Kawanish and M. Saruwatari, “New-type phase-locked loop using traveling-wave laser-diode optical amplifier
for very high-speed optical transmission,” Electron. Lett., vol. 24, pp. 1452-1453, 1988.

M. Jinno, T. Matsumoto, T. Kominato, and Y. Hibino, “Diode-pumped nonlinear fiber Sagnac interferometer
switch with integrated silica-based planar lightwave circuit,” Electron. Lett., vol. 28, pp. 278-279, 1992.

Y. Yamabayashi, A. Takada, and M. Saruwatari, “Picosecond optical sampling with LiNbO; waveguide and
compressed laser diode pulses,” in Tech. Dig. Topical Meet. Integrated and Guided-Wave Optics (IGWO ’88),
Sante Fe, NM, WD-5, 1988.

M. Jinno, “Effect of timing jitter on an optically-controlled picosecond optical switch,” Opt. Lett., vol. 18, pp.
1409-1411, 1993.

Y. C. Wang, “Experimental study on the timing jitter of gain-switched laser diodes with photon injection,” Acta
Physica Sinica, vol. 52, pp. 2190-2193, 2003.

G. R. Lin, Y. H. Lin, and Y. C. Chang, “Theory and experiments of a mode-beating noise-suppressed and mutually
injection-locked Fabry-Perot laser diode and erbium-doped fiber amplifier link,” IEEE J. Quantum Electron., vol.
40, pp. 1014-1022, 2004.

D. von der Linde, “Characterization of noise in continuously operating in mode-locked lasers,” Appl. Phys. B, vol.
39, pp. 201-217, 1986.

M. J. W. Rodwell, D. M. Bloom, and K. J. Weingarten, “Subpicosecond laser timing stabilization,” IEEE J.
Quantum Electron., vol. 25, pp. 817-827, 1989.

U. Keller, K. D. Li, M. J. Rodwell, and D. M. Bloom, “Noise characterization of femtosecond Raman soliton laser,”
IEEE J. Quantum Electron., vol. 25, pp. 280-288, 1989.

A. Finch, X. Zhu, P. N. Kean, and W. Sibbett, “Noise characterization of mode-locked color-centre laser sources,”
IEEE J. Quantum Electron., vol. 26, pp. 1115-1123, 1990.

A. J. Taylor, J. M. Wiesenfeld, G. Eisenstein, and R. S. Tucker, “Timing jitter in mode-locked and gain-switched
InGaAsP injection lasers,” Appl. Phys. Lett., vol. 49, pp. 681-683, 1986.

Proc. of SPIE Vol. 5623 651

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/26/2014 Terms of Use: http://spiedl.org/terms



