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The noise properties of the pulse trains of passively mode-locked 40 GHz quantum-dot lasers

subject to optical feedback are investigated in detail. Five different feedback regimes are

discovered and the clearly identified regime of resonant optical feedback is further examined. The

feedback parameters yielding minimum phase noise are determined. Here, the radio-frequency

(RF)-line-width is reduced from its original value by 99% to 1.9 kHz. The corresponding pulse-to

pulse jitter of 23 fs is a record low value for passively mode-locked 40 GHz quantum-dot lasers.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4837716]

Optical pulse sources with repetition rates of several

tens of Gigahertz are essential for today’s optical data com-

munication networks. Because of their small footprint, sim-

plicity, and low production costs, monolithic quantum-dot

(QD) mode-locked lasers (MLLs) are ideal devices for such

applications since they can be fabricated in monolithically

integrated way.1 Large noise figures however are strongly

restricting their applications. Hybrid mode locking is a possi-

ble solution reducing the residual phase noise and timing jit-

ter of the emitted pulse train. Indeed, very low timing jitter

has been demonstrated, but the required stable high-

frequency electrical oscillator represents a large cost disad-

vantage.2 Injection of narrow-bandwidth laser light (e.g.,

from an external cavity laser) to a 10 GHz MLL was shown

to reduce the radio-frequency (RF)-line-width from several

hundreds of kilohertz down to below 1 kHz and to reduce the

noise.3 This approach suffers from the same disadvantage as

hybrid mode-locking of high costs caused by the external

light source. Recently, optical feedback (OFB), similar to

what has been demonstrated several decades ago for directly

modulated lasers,4,5 has been revisited as a simple and effec-

tive way to reduce the phase noise of MLL-pulse-trains.6,7 A

reduction of the RF-line-width in the electrical spectrum

from 46 kHz to 1.1 kHz is reported for a 5.25 GHz QD

MLL.8 For a 10 GHz single-section InP-based quantum-dash

laser, a reduction of the 3-dB-line-width from 30 kHz to

200 Hz was shown by Akrout et al.9 However, OFB was also

reported to degrade the pulse properties of MLLs.10 In this

paper, we investigate the impact of three crucial parameter

fields of OFB on two-section passively MLLs in detail. Five

fundamentally different regimes including the decisive one

leading to enormous improvements of the pulse properties

are discovered. The results we present are not restricted to

the particular wavelength of the laser used here but are of a

general nature. Inexpensive low noise multi-ten GHz laser

modules can now find their way into systems.

The devices investigated in this paper are grown by mo-

lecular beam epitaxy on an nþ-doped GaAs substrate. The

emission wavelength is close to 1310 nm. 10 layers of InAs

QDs in a dot-in-a-well structure are stacked.11 A device

length of around 1 mm ascertains a fundamental mode-

locking frequency of 38.616 GHz, close to 40 GHz. Absorber

and gain sections of the MLL are electrically separated by a

trench using chemically assisted ion beam etching. The satu-

rable absorber has a length of 110 lm and its facet has a high

reflection coating (99%). The gain section facet is as cleaved.

The device is mounted on a copper block and the temperature

is controlled by a thermo-electric cooler which was set to

21 �C. For all measurements, the gain current was 68 mA and

the absorber bias was �5 V. This corresponds to the optimal

operation point of such MLLs at which stable mode locking

occurs. The average optical output power in fiber is 2.8 mW.

The OFB is realized by injecting a part of the laser light

back into the cavity through the facet at the gain section. Our

single-mode-fiber-based feedback loop comprises an optical

circulator, a 9:1-splitter, a variable attenuator, an optical

delay line, and a polarization controller as shown in Fig. 1.

10% of the emitted intensity can thus be used for the OFB.

This fiber-based approach enables to adjust the three essen-

tial parameters of the OFB easily. A coarse adjustment of the

round-trip time of the pulses inside the feedback loop can be

accomplished by varying the length of the optical fiber. A

fine adjustment is done by tuning the optical delay line

(delay between 0 ps and 200 ps). The feedback strength is

controlled by the variable attenuator. The overall attenuation

inside the feedback loop with respect to the laser output

power is tuned between 16 dB and 52 dB. The laser emission

is analyzed using an autocorrelator as well as an electrical

spectrum analyzer in combination with a fast photo diode.

From the electrical spectra, the RF peak power Pðf Þ and

the RF-frequency f are extracted. Furthermore, the integrated

timing jitter rRMS as a measure of the phase noise is calcu-

lated from single side-band phase noise traces12

rRMS ¼ 1

2pf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ð
d Dfð ÞPNoiseðDf Þ

s
; (1)
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where PNoise denotes the phase noise power density at the

frequency offset Df (with respect to the carrier frequency).

In this investigation, the integrated timing jitter is calculated

using integration borders of 10 kHz and 1 GHz, respectively.

By varying the above mentioned feedback parameters and

observing the changes in RF-frequency, peak power, and

integrated timing jitter, as well as in the autocorrelation of

the pulses, different feedback regimes are identified. Figure

2(a) shows the peak power of the RF-spectrum as a function

of delay and feedback attenuation. The delay interval of

27.5 ps is sufficient because it has previously been shown that

the effects of OFB are periodic with a period given by the

pulse distance (here 25 ps).6 Five different OFB-regimes can

be identified in Fig. 2(a). Figure 2(b) shows representative sin-

gle sideband phase noise traces for each regime. These five

regimes are surprisingly similar to the feedback regimes

reported for distributed feedback lasers.5 Regime 1 is located

at feedback attenuations smaller than 20 dB. It is characterized

by low peak power of the RF-spectrum (not shown here). Up

to noise frequencies of 5 MHz, the phase noise is similar to

the case without OFB. Therefore, the width of the central line

in the RF-spectrum remains constant. In addition, strong side-

bands in the RF-spectrum occur across a frequency range of

1.5 GHz. They correspond to the peaks in the phase noise

trace at frequencies of multiples of 12.4 MHz. This frequency

depends on the round-trip time inside the feedback loop.

Furthermore, the autocorrelation trace of the pulses in regime

1 shows a strong cw-background: In regime 1, mode locking

is deteriorated by OFB. In regime 2, the MLL exhibits chaotic

behavior with changes of the RF-spectrum within a couple of

seconds. Phase noise traces could not be measured. In regime

3, the side-bands in the RF-spectrum are smaller than in re-

gime 1 but the width of the central line is enhanced yielding a

larger phase noise at low frequencies. The cw-background in

the autocorrelation traces is not as large as in regime 1, but

larger than without OFB: in the regime 3, mode locking is

deteriorated by the OFB as well. Regime 4 is the case of reso-

nant optical feedback. The peak power in the RF-spectrum

rises by 10 dB. The corner frequency of the white noise

plateau in the phase noise trace is shifted from 80 kHz to 10

KHz. The thermal noise level is reached at a noise frequency

of 1 MHz. The side-bands with a separation of 12.4 MHz are

30 dB weaker than in regime 1 and 3. Thus, the single-

sideband noise is strongly suppressed compared to the free

running case. At the same time, the autocorrelation of the

pulses is not influenced in regime 4. Details of this regime

will be explained in the next paragraph. In regime 5, only

small influences of the OFB can be observed. The autocorrela-

tion of the pulses is unaffected, but the line width in the RF-

spectrum fluctuates between the one without OFB and larger

widths. Therefore, the phase noise can increase in regime 5.

This is the reason why MLLs are usually operated in conjunc-

tion with optical isolators to prevent instabilities of the pulse

emission. For practical purposes, it is obviously desirable to

operate a MLL in the regime 4 of the OFB. In what follows,

we will focus on the resonant OFB in that regime.

It has been shown that in the case of resonant feedback

an integer number q of pulses propagate through the feed-

back loop.6,7 The round-trip time inside the feedback loop

sFB for a pulse distance sMLL ¼ f�1 in the resonant feedback

case is

sFB ¼ qsMLL: (2)

By changing the feedback length, e.g., via the delay, the

MLL repetition rate changes in order to meet this criterion.

Figure 3 shows the repetition rate of the MLL at an

attenuation of 34 dB for different feedback regimes (compare

Figure 2(a)). In the regime 4, the repetition rate exhibits a

clear dependence on the delay, which agrees with the predic-

tion for resonant feedback. The repetition rate is pulled by the

change in the delay. In the regimes 3 and 5, such dependence

is not observed. In both cases, the OFB is out of resonance.

Regimes 3 and 5 therefore differ fundamentally from regime

4. The shape of regime 4 in Figure 2(a) can be explained by

the pulling of the repetition rate under resonant feedback. At

feedback attenuations larger than 45 dB, the influence of the

OFB is too small for such a pulling to occur. Stronger OFB

FIG. 2. A color coded map of the peak

power as a function of delay and feed-

back attenuation (a).The single side-

band phase noise traces in different

OFB-regimes (b). For both figures, the

feedback length is 16.6 m.

FIG. 1. Functional plot of the setup.
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leads to the onset of the pulling at a delay of 3.5 ps. At this

delay, the difference between the repetition rate of the MLL

without OFB (38.616 GHz) and the repetition rate induced by

the resonant feedback is small. With larger delays, the differ-

ence between these two repetition rates increases. With stron-

ger OFB, the repetition rate can be pulled further, extending

the range of possible delays for resonant feedback. The larg-

est extent of the regime 4 is reached at a feedback attenuation

of 30 dB just before regime 3 sets in.

In order to maximize the extent of the resonant feedback

regime, the fiber length inside the feedback loop is varied

between 16.6 m up to 120 m. An optimal fiber length of

31.7 m is found, at which the lowest jitter and the maximum

extent of the resonant feedback are observed. At a fiber

length of 31.7 m, the regime 3 of the OFB vanishes and the

regime 4 extents to a feedback attenuation of 27 dB and

boarders directly with regime 2. At feedback attenuations

between 27 dB and 31 dB, the resonant feedback regime is

not interrupted by tuning the delay. The repetition rate of the

MLL is pulled effectively and resonant feedback is obtained

for all delay values. Figure 4 shows furthermore that the inte-

grated jitter is reduced from 3.8 ps without OFB to values

lower than 1 ps. Above attenuations of 31 dB, the delay de-

pendence of the regime 4 resembles the one known from

Figure 2(a) (note the periodicity of 25 ps). At the border

between the regimes 4 and 5, the jitter can increase to more

than 7 ps (white area). The independence of the resonant

feedback regime on the delay at low attenuations is very

favorable for practical applications: fluctuations of the feed-

back length do not cause switching into other OFB-regimes.

The parameters for optimal OFB for the present MLL

are a feedback length of 31.7 m, a feedback attenuation of

29 dB, and a delay of 19 ps. For these values, the central line

in the RF-spectrum is very strong with a signal-to-noise ratio

of 66 dB. The sidebands are suppressed by at least 45 dB.

Their distance to the central line is given by multiples of

6.5 MHz, corresponding to the feedback length of 31.7 m.

The inset of Figure 5(b) shows the central line. The 3-dB-

line-width � is reduced to 1.9 kHz. Compared to the line

width of 187 kHz without OFB, this presents a reduction by

99%. The pulse-to-pulse jitter can be calculated as13

rP�P ¼
ffiffiffiffiffiffiffiffiffiffi
�

2pf 3

r
: (3)

The pulse-to-pulse jitter and the integrated timing jitter are

reduced from 228 fs to 23 fs and from 3.8 ps to 219 fs,

respectively. These jitter and line width values are the lowest

ever reported for passively mode-locked quantum-dot lasers.

The integrated jitter for hybrid mode-locking is measured by

us to be 250 fs. Optical feedback therefore presents an alter-

native to hybrid mode-locking having the huge advantage of

simplicity and low cost.

The influence of optical feedback on passively MLLs is

investigated in detail and five different regimes are identi-

fied. Theses regimes are characterized with respect to the sta-

bility of the pulse emission. The resonant feedback regime is

of practical interest and offers a cost-effective way to stabi-

lize the pulse emission of passively mode-locked lasers. We

are now able to maximize the extent of this regime and to

FIG. 3. The repetition rate of the MLL as a function of the delay at a feed-

back length of 16.6 m and a feedback attenuation of 34 dB.

FIG. 4. A color coded map of the RF

peak power (a) and the integrated jitter

(b) as a function of delay and feedback

attenuation at a feedback length of

31.7 m. White areas correspond to val-

ues larger than 7 ps.

FIG. 5. The RF-spectrum of the MLL subject to optimal optical feedback.

The inset shows the central line of the RF-spectrum.
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determine the parameters for optimal optical feedback. At

this point, strong suppression of the phase noise is observed

leading to record low values for jitter and line width.
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