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The optical outputs of single-section quantum-dash and 
quantum-dot mode-locked lasers (MLL) are well-known 
to exhibit strong group velocity dispersion. Based on 
careful measurements of the spectral phase of the pulses 
from these MLLs, we confirm that the difference in group 
delay between the modes at either end of the MLL 
spectrum equals the cavity roundtrip time. This 
observation allows us to deduce an empirical formula 
relating the accumulated dispersion of the output pulse 
to the spectral extent and free-spectral-range of the MLL.  
We find excellent agreement with previously reported 
dispersion measurements of both quantum-dash and 
quantum-dot MLLs over a wide range of operating 
conditions. © 2016 Optical Society of America  

OCIS codes: (140.4050) Mode-locked lasers; (140.5960) 
Semiconductor lasers; (140.3430) Laser theory; (260.2030) Dispersion; 
(320.2250) Femtosecond phenomena. 
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Single-section mode-locked lasers (MLL) are a class of 

semiconductor MLL whereby a simple Fabry-Pérot laser supports 

multiple longitudinal lasing modes, with all of the modes mutually 

phase-locked. These MLLs contain neither an external locking 

mechanism, nor intracavity saturable absorber [1-8]. The 

mechanism by which these lasers modelock is often postulated to 

be four-wave mixing [2,8]. Single-section laser mode-locking 

phenomena have been observed and documented for bulk [1,2], 

quantum-well [5], quantum-dash [3,4], and quantum-dot [6,7] 

devices. Whilst modelocked, these single-section devices exhibit 

strong group velocity dispersion and the temporal pulsations are 

not immediately visible [1, 7, 9-11]. The acquired dispersion is 

found to be normal such that short femtosecond pulses can 

recovered simply by compensating with the correct amount of 

anomalous dispersion. For devices operating around 1.5 μm this 

can be achieved using an appropriate length of standard single 

mode fiber. At other wavelengths specialty dispersion-engineered 

fibers are needed. The preponderance of carefully obtained group 

velocity dispersion measurements of these MLLs have been 

performed for devices based on quantum-dash and quantum-dot 

materials, thus we restrict our study to just these devices. 

Measurements of the phase of the spectral modes of quantum-

dash MLLs with a wide range of different free spectral ranges 

(FSR) and operating currents have been presented in Refs. [9-11]. 

These MLLs show extraordinarily large group velocity dispersions 

ranging from +1.33 to +3.08 ps2 for pulses emanating from devices 

with sub-mm length. Thus, lengths of fiber of the order of tens or 

hundreds of meters are needed to restore the femtosecond 

pulsations [1, 9-11, 13].  

In Ref. [7] it was first reported that the output of single-section 

quantum-dot MLLs were highly-chirped elongated pulses, and that 

the magnitude of the group delay difference between the modes at 

either end of the MLL spectrum was approximately equal to the 

cavity round trip time. In this Letter we present data that suggests 

that this observation is a general property of all single-section 

quantum-dash and quantum-dot MLLs. Using this knowledge, we 

derive a simple expression for the group velocity dispersion of the 

MLL in terms of the laser’s spectral width and free-spectral-range 
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(FSR). Both of these parameters can be simply obtained from a 

measurement of the optical spectrum of the laser; hence a quick 

estimate for the dispersion would inform the length of fiber 

needed to compress the pulse. We present group velocity 

dispersion calculations in detail for two different single-section 

quantum-dash MLLs with FSRs of 23 GHz and 48 GHz for a wide 

range of bias currents. We find excellent agreement between the 

calculated group velocity dispersion using our simple equation and 

the measured value using an independent stepped heterodyne 

technique [12]. We also find that the decrease in group velocity 

dispersion observed with increasing device current occurs only 

because the spectral width of the MLL field increases with 

increasing bias current while the group delay difference between 

the modes at the frequency-extrema of the spectrum remains 

fixed. The formula also shows excellent agreement with our 

previous results that have been reported in the literature for a 

device with an FSR of 39.8 GHz FSR [10]  

     The measured group velocity dispersion of two quantum-

dash MLLs with lengths of 1820 µm and 890 µm (corresponding to 

FSRs of 23 GHz and 48 GHz respectively) for five different bias 

currents have been presented in [9]. The measurement technique 

used was the stepped-heterodyne technique that is fully outlined 

in [12]. The working principle is that a tunable local oscillator laser 

is set to a frequency located close to a mode of the MLL spectrum. 

The resulting beat-notes are then recorded on a real-time 

oscilloscope. Repeating this measurement for all modes allows the 

full reconstruction of the amplitude and phase of the optical 

spectrum [12]. The measured optical spectra of the two MLLs at 

each bias current are reproduced in Fig. 1. It is clear that the width 

of the spectral envelope of the MLL increases with increasing bias 

current, with the spectral envelope reaching a maximum of 2.2 

THz for both devices at 400 mA. The reason for the increase in 

spectral width with increasing bias current is due to the unusually 

large nonlinear gain-compression typical of a quantum-dash 

medium [8]. As the MLL power increases, the population inversion 

must increase in order to maintain the unity roundtrip gain 

criterion. The increase in population inversion means that carriers 

are excited to higher energy levels within the dashes and hence 

more modes attain sufficient gain to participate in the lasing 

process. In this work, we define the spectral width of the MLL field 

envelope 
envf  as the 10 dB bandwidth of the optical spectrum as 

this gives us the best measure of the spectral extent of the laser. 

The standard 3 dB definition cannot cope with the typical 

variations in mode power found across the lasing spectrum of 

these devices (see e.g. Fig. 1). Estimates for 
envf are explicitly 

indicated for each spectrum shown in Fig. 1. The phase of each of 

the modes is retrieved by the stepped-heterodyne technique and 

the phases for each spectra are reproduced in Fig. 2 [9]. The 

spectral phase displays a distinct quadratic relationship and can be 

related to the group velocity dispersion by: 
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 where B  is the group velocity dispersion, 
nf  is the frequency 

of the nth mode, and 
0f  is the central frequency of the MLL. B  is 

extracted for each operating current by fitting each quadratic 

curve in Fig. 2 to a parabola given by (1). Using the standard 

relationship between phase and group delay, the delay 

experienced by the nth mode is given by : 
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Fig. 1 Measured MLL spectra for the devices with FSRs of 23 

GHz and 48 GHz. The red curves were all measured using an 

optical spectrum analyzer The definition of the spectral width of 

the MLL field envelope   is illustrated. The value for  is 

indicated on each spectral plot. 



To obtain our empirical relation, we set the difference in group 

delays experienced by the two modes at the frequency-extrema of 

the MLL spectrum to the cavity round trip time: 

   12env env FSRB f f         (3) 

 

Where 
envf  is the 10 dB spectral width of the MLL field, and 

FSRf  is the FSR. Using this relation a simple expression for B  

appears as: 
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Note that B is related to positive-valued quantities measurable 

using standard optical spectrum analyzers, thus this technique 

cannot distinguish between normal and anomalous dispersions. 

Typically pulses from MLLs exhibit normal dispersion, and hence 

dispersion compensation is achieved by passing the MLL output 

through an appropriate length of anomalous dispersion optical 

fiber [9-11, 13].   

      For each of the MLL operating bias currents in Fig. 1 we 

estimate 
envf  and 

FSRf  from the measured optical spectrum. 

This single measurement is all that is required to calculate B using 

Eqn. (4). The calculated values for B  given by Eqn. (4), along with 

the independently measured values for B  obtained from Fig. 2, 

are plotted in Fig. 3. There is remarkable agreement between the 

measured and calculated values for both devices at all operating 

bias currents we test. The longer 23 GHz device can accommodate 

approximately twice the pulse broadening of the 48 GHz device, 

and because of this, the group velocity dispersion values of the 23 

GHz device are approximately double that of the 48 GHz device. 

When operating the MLLs at low bias currents of 75 mA, the 

spectral width is much smaller than when operating with 400 mA; 

hence the larger values of B in this case. 

       We perform a standard error analysis. The relative 

variation of the FSR over the entire operational range of bias 

currents is at most 0.1% of the FSR [14], whereas the estimate for 

the error in 
envf  is 0.1 THz with relative errors ranging from 

4.5% to 12%. We use the uncertainty in estimating
envf  to 

calculate the error bars shown in Fig. 3. All of the calculated values 

for B  fall within the error bars and the magnitude of the error 

bars decreases as the relative error in estimating
envf  decreases.    

      Additional measured values of the group velocity dispersion 

of a 39.8 GHz FSR quantum dash MLL using the stepped 

heterodyne method were also reported in [10]. That device was 

operated at three different bias currents of 140 mA, 240 mA, and 

340 mA, and by examining the spectra in [10] we can estimate 

envf  for each bias current. The results for the estimated group 

velocity dispersion are displayed in Table 1 and also show an 

excellent agreement between the measured values that are 

presented alongside. This further underscores the utility of the 

simple relation in (4).  

We now estimate for the group velocity dispersion for a single-

section quantum dot MLL with FSR of 4.6 GHz in [7]. The group 

velocity dispersion was measured by optically filtering parts of the 

MLL spectrum and then calculating the delay of the sinusoidal beat 

term using an oscilloscope; the group delay along the MLL 

spectrum was recorded by moving the central wavelength of the 

optical bandpass filter over the entire MLL spectrum [7] and 

noting the delay of the beat term. As noted in [7, Fig. 9(b)], the 

maximum difference in group delay is almost equal to the cavity 

roundtrip time. The spectral extent is estimated to range from 

1527.5 nm to 1537 nm by inspection of [7, Fig. 9(b)]. The optical 

spectrum (without filtering) is shown in [7,  Fig. 7(a)], we estimate 

that the 10 dB spectral extent of the spectrum ranges from 1527.5 

nm  to 1536.5 nm which is close to that measured from a direct 

measurement of the group delay. The estimated envf  from the 

optical spectrum gives a value of 1.152 THz; using (4) we calculate 

 

Fig. 2 Measured spectral phase using the stepped-heterodyne 

technique for (a) the 3 GHz FSR device and (b) the 48 GHz FSR 

device. Note that each curve is well approximated by a parabola. 

The MLL bias current is used as parameter. 

 

Fig. 3 Measured and calculated group velocity dispersion 

from two different quantum dash MLLs with FSRs of 23 and 48 

GHz. The relation in Eq.-(4) holds for the two different FSR. The 

decrease in  with increasing current is attributed to the 

increasing spectral range of the MLL. The error bars show the 

range of  when estimating the MLL spectral width with an 

accuracy of 0.1 THz. 



the group velocity dispersion to be 30.03 ps2. The group velocity 

dispersion is large only because of the small spectral width and 

small
FSRf  of 4.6 GHz. due to the long device length of 9 mm. The 

results for the quantum dot MLL are tabulated in Table 2. 

 In this letter we have examined the extraordinarily large 

group velocity dispersion of single-section MLLs and find that the 

group delay difference between the modes at the two extrema of 

the lasing spectrum is set by the MLL cavity round trip time. This 

allows us to present a simple formula that relates the GVD of a MLL 

to its spectral width and FSR. MLLs from quantum-dash and 

quantum-dot materials exhibit emission spectra with a sharp 

spectral cutoff thus facilitating the estimation of their spectral 

widths. The results in [7] showed that the difference in group delay 

of single section quantum dot devices equals the cavity round trip 

time; here we independently confirm that the relationship also 

holds of single section quantum dash MLLs. Moreover, the MLLs 

used here were independently fabricated, the dispersion/group 

delay measurements were performed using a different technique; 

and therefore we conclude that a hallmark of mode-locking within 

a single section quantum-dash or quantum-dot MLL is that the 

maximum group delay difference experienced by the modes 

equals the cavity round trip time. These observations present an 

interesting time-domain picture of the output of the device: as the 

output of the laser possess an almost purely linear normal GVD, 

and as the magnitude of the pulse broadening is equal to one 

roundtrip time, therefore the output light field can be considered 

as an approximately CW signal with an instantaneous frequency 

that sweeps continuously from the lowest to highest frequency of 

the optical spectrum with a period of one cavity roundtrip time [7]. 

The results and confirmation presented here of the characteristics 

of single-section MLLs should help lead to a full generalized theory 

to explain the operation of these devices [8].  It should be noted 

that no peculiarity of the underlying quantum-dash and dot 

material was invoked in deriving our formula with the only laser 

parameter defining the pulse broadening being the length of the 

MLL itself. We cannot verify the relation in (4) for MLLs made from 

quantum wells and bulk material because of the lack of sufficiently 

high quality measurements. Nonetheless, our results highlight an 

important phenomenon of single-section MLLs and indicate a 

direction for further studies on the pulse broadening of single 

section MLLs.    
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Table 1 Dispersion results for the quantum dash 

device measured in [10]. 

Bias 

current (mA) 

 

 

[THz] 

  

Measured [10] 

[ps2] 

  

Calculated 

[ps2] 

140 1.6 2.58 2.49 

240 1.8 2.26 2.22 

340 1.9 2.14 2.1 
 

Table 2 Dispersion estimation for a quantum dot MLL  

[7]. 

Estimated  [THz] [GHz]  Calculated [ps2]   

1.152 4.6 30.03 
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