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We experimentally demonstrate a passively mode-
locked fiber ring laser using a small-core fiber –
graded index multimode fiber – single mode fiber (SCF-
GIMMF-SMF) structure as an effective saturable ab-
sorber (SA) based on nonlinear multimode interference
(NL-MMI) effect. A small-core fiber is used as an in-
put single mode fiber to improve coupling of power
into higher-order modes in a multimode fiber and to
enhance the modulation depth of the structure. Sta-
ble fundamental mode-locked operation is obtained at
a pump threshold of 166 mW and the output soliton
pulses have 647 fs duration at 1557.96 nm with a 5.2
nm spectral width at a repetition rate of 19.37 MHz.
This NL-MMI SA can be applied to high-power mode-
locked fiber lasers owing to its inherent high damage
threshold, compact size, wavelength independent oper-
ation and fabrication simplicity. © 2021 Optical Society of

America
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1. INTRODUCTION4

Mode-locked fiber lasers (MLFLs) have developed rapidly over5

the last two decades and are widely used to generate ultrashort6

pulses in the picosecond to femtosecond region because of their7

unique advantages of high peak power, excellent beam quality,8

compact structure, high efficiency and reliability [1]. A saturable9

absorber (SA) is one of the key components of efficient MLFLs10

and various SAs with different working mechanisms have been11

introduced and widely applied, such as nonlinear polarization12

rotation (NPR) [2, 3], nonlinear optical loop mirrors (NOLMs)13

and nonlinear amplifying loop mirrors (NALMs) [4, 5], semi-14

conductor saturable absorption mirrors (SESAMs) [6], and two-15

dimensional (2D) layered materials [7–9] (e.g. carbon nanotube,16

graphene, topological insulators, black phosphorus). However,17

NPR, and the NOLM and NALM are highly sensitive to environ-18

mental perturbations (e.g. bending or twisting of the fiber in the19

cavity) and it is difficult to maintain good long-term stability. On20

the other hand, SESAM and 2D materials involve very complex21

and expensive fabrication processes and are subject to their nar-22

row operation bandwidth, low damage threshold and complex23

packaging [10, 11]. These drawbacks make them impractical for24

certain applications and restrict their further development in25

high-power mode-locked lasers. Therefore, it is very important26

both to improve the performance of existing SAs and to develop27

new types of SAs to overcome these limitations.28

Very recently, nonlinear multimodal interference (NL-MMI)29

in a graded index multimode fiber (GIMMF) has resulted in30

an effective saturable absorption effect and was successfully31

applied in various passively MLFLs [12–18]. These all-fiber32

SAs have the inherent advantages of a high damage threshold,33

wavelength independent operation, simple fabrication process34

and long-term stability which make them attractive for passive35

mode lockers operating in the high-power regime. A single36

mode fiber – graded index multimode fiber – single mode fiber37

(SMF-GIMMF-SMF) structure, Fig. 1(a), has been introduced38

as a simple SA, and several modified structures have been re-39

ported to improve the performance of the MMI SA. For example,40

by introducing a short segment of step-index MMF or an inner41

micro-cavity between the input SMF and GIMMF [19, 20], the42

relative power distribution of guided modes in the GIMMF was43

adjusted and the overall NL-MMI performance was improved44

by the enhanced higher-order mode content. However, fabrica-45

tion of these segments is difficult, requiring careful arc control46

in fiber fusion splicing to form a micro-cavity in a fiber and/or47

particular bending or twisting to adjust the input launch condi-48

tion, which leads to poor stability and reproducibility and makes49

these devices difficult to be apply in practice.50

In this paper, we propose a simple but new reliable NL-MMI51

structure with a small-core fiber (SCF) as depicted in Fig. 1(b). A52

short length of SCF is spliced between input SMF and GIMMF53

in a SMF-GIMMF-SMF structure in order to enhance coupling54

of power into higher-order modes in the GIMMF and to en-55

hance the nonlinear multimode interaction. First, we simulate56
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Fig. 1. Schematic of MMI structure
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Fig. 1. Schematic of nonlinear multimode interference (NL-
MMI) structures: (a) traditional SMF-GIMMF-SMF and (b) our
proposed SCF-GIMMF-SMF.

the nonlinear pulse propagation along the GIMMF and iden-57

tify the effectiveness of our proposed structure in terms of the58

modulation depth. Secondly, we experimentally measure the59

modulation depth of the device and evaluate the modal power60

distribution in a GIMMF using a time-of-flight measurement.61

Finally, we construct a passively mode-locked fiber ring laser62

using a SCF-GIMMF-SMF structure as an effective SA. Stable63

fundamental mode-locking operation was obtained at 1557.9664

nm with a 647 fs pulse duration and a repetition rate of 19.3765

MHz.66

2. WORKING PRINCIPLE AND NUMERICAL SIMULA-67

TION68

In a typical SMF-GIMMF-SMF structure, the fundamental mode69

of an input SMF is coupled to a superposition of guided modes70

in a GIMMF and recoupled back into the output SMF at a cer-71

tain distance as a result of constructive multimode interference72

(MMI), called the “self-imaging” effect. All the guided modes73

in a GIMMF have nearly identical group velocities (i.e. minimal74

modal walk-off) and thus strong nonlinear intermodal interac-75

tion is expected among the guided modes in a GIMMF. The76

self-imaging condition can be expressed as [16]:77

β1Ls + q2π = βnLs (1)

where β1 and βn are the propagation constants of the fundamen-78

tal mode and the nth guided mode of the GIMMF, respectively.79

q is an integer and LS is the self-imaging distance with one os-80

cillation period. In intra-cavity fiber lasers, the optical power81

is high enough to cause nonlinear phase shifts by self-phase82

modulation (SPM) and cross-phase modulation (XPM) effects in83

the GIMMF [16]. Therefore, the self-imaging condition in (1) can84

be rewritten as follows:85

β1L
′
s + q2π + (γ1P1 + γ1nPn)L

′
s = βnL

′
s + (γnPn + γ1nP1)L

′
s
(2)

where L
′
s is the self-imaging distance shifted by nonlinear effects.86

γ1 and γn are the nonlinear SPM coefficients for the fundamental87

mode and the nth mode, respectively. γ1n is the coefficient for88

XPM, and P1 and Pn are the optical powers in the fundamental89

mode and the nth mode, respectively. Combining (1) and (2), we90

can have91

L
′
s =

β1 − βn

(β1 − βn) + (γ1P1 − γnPn + γ1n(Pn − P1))
Ls (3)

From Eq. (3), we noted that the self-imaging distance of a92

high-power signal is shorter than that of a low-power signal,93

which induces intensity-dependent transmission over a fixed94

GIMMF length. In other words, for a properly chosen GIMMF95

length a high-power signal has a higher transmission ratio than96

a low-power signal, which makes this SMF-GIMMF-SMF struc-97

ture act as an effective SA. At the same time, the low mode98

dispersion of the GIMMFs ensures that pulses do not break up99

in a short GIMMF segment.100

We first performed numerical simulations to investigate the101

nonlinear optical pulse propagation in a GIMMF and the mod-102

ulation depth of the proposed MMI structure. The numeri-103

cal model uses the multimode nonlinear Schrödinger equation104

(NLSE) to solve short pulse propagation in a GIMMF [21]. The in-105

put pulse has a central wavelength of 1550 nm with a full-width106

half-maximum of 1 ps and an optical peak power is changed107

from 1 kW to 70 kW to investigate power dependent transmis-108

sion. The fiber parameters were chosen according to our ex-109

periment (see Sec. 3): a commercial OM4 multimode fiber was110

used as a GIMMF (core diameter = 50 µm, NA = 0.24) and an111

ultra-high NA SMF was employed as a SCF (core diameter = 2.2112

µm, NA = 0.35). This yields power coupling efficiencies from113

a SMF28 to the GIMMF LP01 to LP05 modes of 0.8305, 0.1406,114

0.0238, 0.0040, 0.0007, respectively. Thus, 83% of the power is115

in the fundamental mode, which limits the achievable MMI.116

For the SCF, the coupling efficiencies are 0.2353, 0.1798, 0.1374,117

0.1050, 0.0800, respectively. Hence, light is coupled efficiently118

into higher order modes and we can expect much stronger MMI.119

We have calculated the transmission ratio of both MMI struc-120

tures (i.e. SMF-GIMMI-SMF and SCF-GIMMI-SMF) along the121

propagation distance at different pulse peak powers and the122

simulation results are shown in Fig. 2. The transmission through123

the MMI structure shows a periodic power oscillation along the124

propagation distance due to the self-imaging effect. The nonlin-125

ear phase shifts change the self-focusing length in the GIMMF.126

As shown in Figs. 2(a) and 2(b), the self-focusing position shifts127

to the left as the pulse peak power increases in both MMI struc-128

tures. The shape of the transmission spectrum is defined by the129

superposition of guided modes in a GIMMF, In a SCF-GIMMF-130

SMF structure (Fig. 2b), the light is coupled efficiently into131

higher order modes and the transmission spectrum becomes less132

sinusoidal (or more complex) than that of SMF-GIMMF-SMF133

(Fig. 2a). However, the self-imaging distance, as calculated in134

equations (1)-(3), is affected by the effective refractive index dif-135

ference (or group velocity difference) between the guided modes136

in a GIMMF and it is almost identical between two structures.137
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Fig. 2. Simulation results of both MMI structures. Transmis-
sion ratio of (a) SMF-GIMMF-SMF structure and (b) SCF-
GIMMF-SMF structure along the propagation distance at
different pulse peak powers at 1550 nm. Modulation depth
of (c) SMF-GIMMF-SMF and (d) SCF-GIMMF-SMF structures
when the length of the GIMMF is 20.006 cm.



Letter Applied Optics 3

Note that the higher the optical power, the higher the trans-138

mittance at a certain distance. Assuming an experimentally139

convenient fiber length of around 20 cm, the optimum GIMMF140

length of SMF-GIMMF-SMF and SCF-GIMMF-SMF structures141

is 20.006 cm according to our simulations. Figures 2(c) and 2(d)142

show the nonlinear transmission spectra for each structure over143

the wavelength range from 1540 nm to 1560 nm at the optimum144

GIMMF length. We see that for the SMF-GIMMF-SMF, transmis-145

sion increases from 0.50 to 0.61 at 1560 nm, i.e., a 22% change146

for larger power. For the SCF-GIMMF-SMF, transmission in-147

creases from 0.09 to 0.24, an increase by a factor 2.7. Thus, while148

the SCF-GIMMF-SMF structure has larger intrinsic losses, its149

performance as a SA is significantly improved.150

3. OPTICAL CHARACTERIZATION OF NONLINEAR MMI151

STRUCTURE152

SCF

GIMMF

3 kmSMF

Pulsed laser

Oscilloscope

Detector

Fig. 3. Schematic of the experimental setup to measure the
modal power distribution in a GIMMF.

To characterize the optical properties of the proposed struc-153

ture, the modal power distribution in a GIMMF was measured154

using a time-of-flight method [22] and the experimental setup155

is shown in Fig. 3. A picosecond pulsed laser at 1552 nm was156

used as an input pulse source and the impulse response was157

measured at the end of fiber with a fast detector and an oscillo-158

scope (Tektronix DSA8200). As each mode of interest possesses159

a distinct group velocity in the fiber, we can distinguish dif-160

ferent spatial modes by their differential group delays (DGDs)161

and identify their relative power distribution. A 3 km length162

of additional GIMMF was spliced after the device to provide163

enough intermodal dispersion. In the SMF-GIMMF structure164

(Fig. 4(a)), most of the light is in the LP01 mode and the total165

power of the higher-order modes is less than 10%. However, in166

the SCF-GIMMF structure (Fig. 4(b)), many more higher-order167

modes can be excited in the GIMMF and the total power of the168

higher-order modes is 70%, which is beneficial for improving169

the NL-MMI modulation depth. Note that the input SMF/SCF is170

centrally aligned/spliced to the GIMMF and therefore only the171

circular symmetric LP0m modes are excited in the GIMMF. The172

SCF, having a small mode field diameter (∼4.0 µm at 1550 nm),173

effectively excites higher-order modes in the GIMMF because of174

the enhanced mode overlap with the LP0m modes which have175

their peak intensity located at the fiber center.176

As mentioned in the previous simulation in Fig. 2(b), there177

is an optimum GIMMF length to achieve the best modulation178

depth from our MMI structure and accurate fiber length control179

is very important. Typically, an accuracy of a few micrometers180

is required for the fiber length, which is difficult to achieve us-181

ing conventional fiber cleaving or polishing techniques. In our182

experiment, therefore, we employ a fiber tension approach [15].183

Approximately 20 cm of GIMMF is prepared and an axial tension184

is applied to the GIMMF to precisely control the effective fiber185
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Fig. 4. Measured modal power distribution in a GIMMF for
both (a) SMF-GIMMF and (b) SCF-GIMMF structure. DGD:
differential group delay.

length. The stretched MMI SA is then connected to a commer-186

cial high-peak power fiber laser and the modulation depth was187

measured using a two-arm measurement method [16]. Figure 5188

shows the measured modulation depth of our SCF-GIMMF-SMF189

structure at various pulse intensities. Here the dots are experi-190

mental data and the red line is a nonlinear fit with a saturable191

absorption curve given by T(I) = 1− α× exp(−I/Isat)− αns192

[15], where T is the transmission, α is the modulation depth, I is193

the input light intensity, Isat is the saturation intensity, and αns is194

the nonsaturable loss. Due to the peak power limitation of our195

available laser, we measured powers up to 2 kW but a modula-196

tion depth of 9% is expected from the fit at higher power level197

(>20 kW). The insertion loss of the proposed SCF-GIMMF-SMF198

structure was measureed to be ∼4 dB.199
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Fig. 5. Measured modulation depth of SCF-GIMMF-SMF struc-
ture. Blue dots are experimental data, red line is fitting curve.

4. PASSIVELY MODE-LOCKED FIBER LASER WITH A200

NONLINEAR MMI STRUCTURE201

To verify the effectiveness of the proposed MMI structure, we202

constructed a passively MLFL with a SCF-GIMMF-SMF struc-203

ture, as depicted in Fig. 6. A 1.5 m length of erbium-doped204

fiber (Er-30, Thorlabs) with group velocity dispersion (GVD) of205

14.45 ps2/km was used as a gain medium and a 976 nm pump206

laser was coupled through a 980/1550 nm wavelength division207

multiplexing (WDM) coupler. 10% of the optical power was208

extracted from the laser cavity using a 10/90 tap coupler. The209

stretched SCF-GIMMF-SMF structure was included directly af-210

ter the coupler and a polarization controller (PC) was used to211

adjust the polarization state of the laser cavity. SPM and XPM212

(on which our SA relies) depend on polarization, so polarization213

control is needed to maximise the effect. The total cavity length214

is 9.7 m and the net cavity dispersion of the laser is about -0.147215

ps2, which results in a soliton operation. To avoid the NPR effect216
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Experimental setup. EDF length: 1.5 m; Cavity length: 9.7 m

Stretched MMI SA

WDM

Coupler 

EDF

PC

PI-Isolator

LD

OSA

Autocorrelator

Fig. 5. Schematic of mode locked fiber laser

Fig. 6. Schematic of the mode-locked fiber laser with a NL-
MMI structure. LD: laser diode; WDM: wavelength division
multiplexing coupler; EDF: erbium-doped fiber; PC: polariza-
tion controller; PI-Isolator: polarization-independent isolator;
OSA: optical spectrum analyzer.

and to enforce unidirectional laser operation, a polarization-217

independent isolator was inserted in the laser cavity. The output218

beam was recorded by an optical spectrum analyzer (OSA), an219

oscilloscope and an autocorrelator.220
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Fig. 7. Experimental results of the mode-locked fiber laser
using the proposed SA. (a) Optical spectrum, (b) pulse train,
(c) autocorrelation trace of the pulse, and (d) the power rela-
tionship between the pump power and output power. CW:
continuous wave.

The mode-locked pulses are obtained by adjusting the ten-221

sion of the MMI structure and the PC in the laser cavity. The222

pump threshold of the mode-locked operation was found at223

166 mW and stable self-starting mode-locking was observed at224

higher powers. The pulse characteristics were recorded and225

analyzed when the fiber laser was operating in the mode-locked226

regime at a pump power of 416 mW. The output spectrum is227

shown in Fig. 7(a) and the signal to noise ratio is more than228

40 dB. The output spectrum exhibits Kelly sidebands (typical229

for solitons in anomalous dispersion fiber lasers) and the 3-dB230

spectral bandwidth of the generated pulse was 5.2 nm at the231

central wavelength of 1557.96 nm. Figure 7(b) presents a typical232

pulse train in the time domain showing a repetition rate of 19.37233

MHz and Fig. 7(c) shows the autocorrelation measurement of234

the pulse. The measured 3-dB pulse duration obtained by a235

Gaussian fit was ∼647 fs. In Fig. 7(d), the average output power236

of the mode-locked soliton laser is shown as a function of pump237

power. Note that for pump powers below 166 mW the laser is238

operating in the continuous wave (CW) regime; mode-locking is239

achieved by increasing the pump power again. The maximum240

output power at single pulse operation is measured to be 13 mW,241

corresponding to a pulse energy of 0.67 nJ (corresponding peak242

power ∼1 kW). Note that this peak power is for the 10% output243

coupling and the peak power inside the laser cavity (i.e. relevant244

for the SA) should be 10 times higher (i.e. 10 kW), which is in245

line with the higher modulation depth on the right of Fig. 5.246

The output power was stable and repeatable in the laboratory247

environment and it was preserved for periods in excess of 1 hour248

(only small power fluctuation of ∼1.28% peak-to-valley).249

The output performance of our laser is compared to that250

of mode-locking operation using other NL-MMI based SAs in251

terms of central wavelength (λc), 3-dB bandwidth (∆λ), modula-252

tion depth (α), pulse duration (∆τ), and output power (Pout) and253

are summarized in Table 1. It can be clearly seen that the pro-254

posed NL-MMI SA has a deeper modulation depth, wider work-255

ing bandwidth and better Pin/Pout ratio, which makes the pulse256

duration narrower and more stable. This comparison strongly257

suggests that the proposed NL-MMI SA is highly comparable258

to previous reports and it can be used as a reliable all-fiberized259

mode-locking device for high power or high pulse energy fiber260

laser applications.261

Table 1. Comparison of MLFLs with NL-MMI based SAs
Method λc[nm] ∆λ[nm] α[%] ∆τ[fs] Pin/Pout[mW] Ref.

SIMMFa 1598 3.4 ∼2.75 960 700/24 [13]

GIMMF 1572.5 4.7 10.37 506 ∼210/1.8 [15]

SIMMF 1596.66 2.18 ∼5 625 227/7.07 [16]

GIMMF 1063.42 0.62 ∼10 ∼350000 – [17]

GIMMF ∼1979 4.7 ∼1.5 – 300/2.7 [18]

SIMMF 1888 3.6 – ∼1400 ∼900/9 [19]

Microcavity 1558 4.14 ∼1.5 528 260/1.3 [20]

SIMMF 1560.9 4.48 ∼3.16 446 67.4/0.15 [23]

GIMMF 1931 3.77 9.5 ∼1200 110/0.25 [24]

SCF 1557.96 5.2 ∼9 647 650/13 This
work

a SIMMF: Step-index MMF.

5. CONCLUSION262

In conclusion, we have proposed and demonstrated a stable263

SA based on an all-fiber NL-MMI structure suitable for high-264

power MLFL applications. Compared to previously reported265

SMF-GIMMF-SMF structures, the proposed SCF-GIMMF-SMF266

structure can provide larger modulation depth due to enhanced267

higher-order mode contributions in the multimode fiber. A268

∼9% modulation depth was experimentally estimated and a269

stable MLFL was demonstrated with a pulse width of 647 fs at270

a repetition rate of 19.37 MHz. The proposed all-fiber SA has271

multiple advantages such as high damage threshold, simple272

fabrication, low cost, and good stability and provides a highly273

promising route towards high-power fiber laser applications.274
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