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ABSTRACT 

In this paper both statistic and dynamic behaviors of the multimode fiber Bragg grating external cavity lasers 
(MMFBG_ECL)  have been studied experimentally, and simulated numerically by time domain traveling wave (TDTW) 
rate equations. Experimentally, multiple wavelength selection has been realized by offsetting the coupling between the 
laser diode (LD) and the MMFBG. Small signal modulation responses at these wavelengths have been measured and 
over 8 GHz modulation bandwidths have been demonstrated at several wavelengths. Numerically, the TDTW model has 
been employed to simulate the multiple wavelength lasing selection and L-I curves. Comparison between single mode 
fiber Bragg grating external cavity lasers (SMFBG-ECL) and MMFBG-ECL have been addressed. In addition, steady 
experiments and numerical simulated are made to verify our numerical model. 
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1. INTRODUCTION 
The rapidly growing demands on the bandwidth of  backbone links have made it necessary to increase the transmission 
capacity in local-area networks (LAN) beyond 1 Gb/s, following various high-speed data networking standards (e.g., 
Gigabit Ethernet and 10-Gigabit Ethernet). The current installed in-building fiber consists of 62.5/125-μm graded index 
multimode fibers (GI-MMFs). In order to upgrade the existing MMF links, recently long wavelength (1.3/1.5μm) 
wavelength-division-multiplexed local area networks (long wavelength WDM-LANs) have drawn much attention and 
their communication capacity has been investigated experimentally [1-3, 8]. Long wavelength vertical cavity surface 
emitting lasers (VCSELs) [2] are ideal light sources for long wavelength WDM-LANs, however, are still under 
investigation. Multimode fiber Bragg grating external cavity lasers (MMFBG-ECL) [4, 5] are promising devices in such 
system due to their inherent merits such as low cost, multiple lasing wavelength selection, high output power and 
compatible with multimode fibers in LAN, as compared with SMFBG-ECLs [6, 7]. 

High frequency modulation of the MMFBG-ECL has been investigated [4]. However, due to a long external cavity used 
in the experiments, bad small signal response curve was obtained, which is not nearly enough for high speed modulation. 
To improve the high frequency response of the device, a short external cavity (4 mm) is employed in this paper. Both 
statistic and dynamic behaviors of the MMFBG-ECL have been studied. Experimentally, multiple wavelength selection 
has been realized by offsetting the coupling between the laser diode (LD) and the MMFBG. Small signal modulation 
responses at the selected wavelengths have been measured and over 8 GHz modulation bandwidths have been 
demonstrated. Accordingly, system transmission experiment has been carried out over 250 m traditional 62.5 μm core 
GI-MMF at bit rate of 2.5 Gb/s. On the other hand, time domain traveling wave (TDTW) rate equations [9-12] are used 
to simulate the performance of the MMFBG-ECL numerically. A set of forward and backward field envelop traveling 
equations centered at each Bragg wavelength, defined by the Bragg condition of the MMFBG, are implemented to slice 
the gain curve over the entire gain bandwidth to different sections. Therefore multiple wavelength lasing can be 
simulated accordingly. Comparison between experiments and numerical simulated are made to verify our numerical 
model. 
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2. EXPERIMENT RESULTS 
2.1 Device structure 

Our device is shown schematically in Fig. 1. The device consists of a 1.5 μm single mode ridged FP multiple quantum 
well (MQW) LD, coupled with a MMFBG imprinted in the standard GIMMF (core diameter of 62.5-μm and numerical 
aperture (NA) of 0.27) by the UV exposure and phase mask technology. A taper was directly formed on the tip of the 
MMFBG to enhance the coupling efficiency between the LD and the MMF to up to about 90%. One facet of the LD was 
antireflection (AR) coated with a residual reflectivity of about 10-4, and the other facet was as cleaved with a reflectivity 
of 0.32. The MMFBG is 8 mm long and its reflection spectrum is shown in Fig. 2.  
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Fig. 1. Schematic structure of the MMFBG-ECL. 

2.2 Steady characteristics 

The reflection characteristics of the MMFFBG were measured, as shown in Fig. 2. It should be noted the reflectivity at 
each wavelength depends on the excitation situation of different mode groups [4]. In our measurement, the SMF was 
used to excite the MMFBG, by zero offsetting (i.e., the cores of SMF and MMF are center aligned). 
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Fig. 2. Reflection spectrum of the MMFBG. 

Fig. 3 shows the multiple wavelength lasing by offsetting the coupling between the LD and the MMFBG. Five 
wavelengths were selected, and the wavelength spacing is around 1.5 μm. This wavelength spacing is roughly 100 GHz 
and therefore facilitates the DWDM channels. Fig. 4 shows optical spectra of five lasing wavelengths by offsetting the 
coupling between LD and MMFBG. Side mode suppression ratios (SMSR) are larger than 30 dB for all wavelengths. 

Fig. 4 is the typical L-I curve for the first 2 wavelengths. The L-I curve of the SMFFBG-ECL is also shown for 
comparison. Threshold currents were 18 and 20 mA, respectively for the two wavelengths of the MMFBG-ECL. In 
addition, slope efficiencies were both 0.2 W/A. Threshold current was 20 mA and slope efficiency was 0.067 W/A for 
the SMFBG-ECL. This clearly shows the high output power advantage of the MMFBG-ECL, which will contribute to 
high signal-to-niose ratio (SNR) than SMFBG-ECL at the same injection current levels. 
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Fig. 3. Optical spectra of five lasing wavelengths by offsetting the coupling between LD and MMFBG. 
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Fig. 4. Measured L-I curves at first two wavelengths of MMFBG-ECL and SMFBG-ECL, respectively. 

2.3 Dynamic characteristics measurements 

The dynamic characteristics of the MMFBG-ECL were then measured. The small signal response and large signal 
transmission experiments setup diagram are shown in Fig. 5. A 50 Ω planar waveguide transmission line was used to 
connect to the microwave measurement equipments. A surface-mounted resistance was attached between to the LD and 
the transmission line for impedance matching. A bias-T was used to combine the DC current source and the AC 
modulation signal. Wide-band small-signal frequency responses of λ1 to λ5 measured by the Agilent 8703B lightwave 
component analyzer are shown in Fig. 6. The DC bias current was 40 mA and the RF modulation power from the 
analyzer was 0 dBm. Due to the reduction of the external cavity length to about 4 mm, the small signal bandwidth of the 
MMFBG-ECL improves greatly compared to long cavity MMFBG-ECLs [4]. The 3-dB bandwidth at λ1, λ2, λ3 and λ5 
were both over 8 GHz. 

System transmission experiments were carried out for the designed MMFBG-ECL using the 2.5-Gb/s pseudo-random 
binary sequence (PRBS) modulation signals. The transmission medium was 250 m GIMMF. An Agilent 83732B 
synthesized signal generator operated at 2.5 GHz was used to drive the HP70841B pattern generator. The latter generated 
the 2.5-Gb/s PRBS signals and fed them into the MMFBG-ECL through the planar transmission line. For demonstration 
purpose, only 2 wavelengths at λ1 (1525 nm) and λ2 (1523.5 nm) among those shown in Fig. 3 were selected as optical 
signal wavelengths in this system demonstration. Light signals were detected by the Agilent 83434A lightwave receiver 
and measured by the Agilent 86100A wide bandwidth oscilloscope. Eye diagrams at these two different wavelengths 
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Fig. 5. Small signal response and large signal transmission experiments setup.  
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Fig. 6. Small signal response curve for five wavelengths.  

 
Fig. 7. Eye diagram of the MMFBG-ECL for two different wavelengths (upper row for λ1 and lower row forλ2) for back-to-

back (left column), over 24 km SMF (middle column) and over 250 m MMF (right column). 

(upper row for λ1 and lower row forλ2) for back-to-back (left column), over 24 km SMF (middle column) and over 250 
m MMF (right column) were recoded by the oscilloscope and are shown in Fig. 3. The eye diagrams proved good 
transmission performance of our device in the MMF link, as well as long distance transmission performance in the 
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standard SMF link. This proves the MMFBG-ECL an agile device in different optical communication systems. From 
Fig. 6, we can expect that even higher transmission speed (>10 Gb/s) is possible, by proper design of the photon 
resonance enhanced peak in the small signal response curves [7]. (12.5 GHz photon resonance enhanced peaks in our 
device with 4 mm long external cavity.) 

3. NUMERICAL SIMULATION OF THE DEVICE 
In this section, time-domain traveling wave (TDTW) rate equations [9-14] were implemented to simulate both the static 
and dynamic characteristics of the MMFBG-ECL. In order to include the wavelength dependence of the gain curve and 
reflection curve of the MMFBG, two methods can be used: First, in the wavelength domain the gain curve and the 
reflection spectrum can be sliced into several sections based on each Bragg reflection center of the MMFBG. 
Accordingly the gain and reflection spectrum in each wavelength section are both wavelength independent; this means 
that we can treat each “narrow band” problem by one set TDTW model [9]. As a result, the total wavelength dependant 
behaviors can be modeled by a set of TDTW equations. The second method is a “wide-band” treatment that considers 
both the wavelength dependence of the gain curve and the reflection spectrum. With a given gain and reflection curve, a 
digital filtering technique [14] can be used in the TDTW equations. In this paper the first method is adopted and the 
second method will be implemented elsewhere. 

3.1 Reflection characteristics of a MMFBG 

It is well known in the Graded index multimode fiber (GIMMF), the LP modes are highly degenerated such that the 
propagation constants βlm of the mode group LPlm: 
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where a is the core radius of the MMF; k0 the wave number in vacuum; ncore the refractive index of the core;  and Δ the 
maximum relative index difference of the core and cladding. For the GIMMF used in the simulation, parameters are as 
follows: a = 31.25 μm, N.A. = 0.27, ncore = 1.46. 

3.2 Time-domain traveling wave equations 

TDTW governing equations for the ith mode group traveling in the cavity are expressed as: 
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where vg is the group velocity (vg = c/ng) of light traveling in the waveguide region, Γ the gain confinement factor, α the 
waveguide loss caused by scattering and free carrier absorption, κi the coupling coefficient between forward and 
backward fields by the grating in the MMF, and sf and sr are the spontaneous noise coupled to forward and backward 
fields, which are related to the spontaneous emission factor β. sf and sr can be simulated by a Gaussian distributed 
random number generator [12] that satisfies the correlation 

gsp vzzttKRtzstzs /)'()'()''(*),( −−= δδβ     (3) 

where Rsp=BN2/L is the bimolecular recombination per unit length contributed to spontaneous emission, and K is the 
transverse Petermann factor. 

An analytical gain expression for quantum well (QW) materials is used in the simulation. The analytical gain model at 
these wavelengths for QW materials is  

( )triNii NNaNg /ln),( =λ       (4) 

where aNi is the differential gain coefficient at wavelength λi, and Ntr the transparent carrier density.  
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The associated refractive index changes are also linked to the gain changes analytically through the linewidth 
enhancement factor (LEF) [12, 13] by 
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The detuning factor δi of the MMFBG is the reference wavelength deviation from the Bragg condition, which is defined 
as 

Λ
−=
πω

λδ effi
i

ii n
c

N ),(       (6) 

where neffi is the effective refractive index of each mode group, and Λ the Bragg wavelength of the grating, which is 
defined by Λ= effii n2λ . 

Simultaneously, the time dependent carrier density rate equation in the active region is given by 
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 where J(z, t) is injected current density in the active region, e the electron charge, and d the active waveguide thickness.  

The photon densities are expressed in terms of forward and backward field 
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Boundary conditions at z = 0 and z = L are given by 
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where rL and rR are the reflectivity of the left facet of the LD and right facet of the MMFBG, respectively. Table 1 is the 
LD parameters used in the simulation. 

   
Table 1. LD parameters used in the simulation. 

To calculate the coupling efficiency between the LD and different LP mode groups, the overlap integrals for the mode 
profiles were used 
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where ψ1 is the LD mode profile and ψlm the mode profile of the (l, m) LP mode groups.    

LD parameters [9, 12] 
SRH and surface recombination reate (A) 2.8×108 s-1 
Bimolecular recombination coefficient (B) 1×10-10 cm3s-1

Auger recombination coefficient (C) 1×10-29 cm6s-1 
Absorption and scattering loss (a) 10 cm-1 

Effective phase refractive index (neff) 3.28 
Effective group refractive index (ng) 3.7 
Wave guide confinement factor (Γ) 0.05 

Length of the LD section (L1) 400 μm 
LD facet residual reflectivity 10-4

Width of the active layer (W) 3 μm 
Thickness of the active layer (d) 0.18 μm 
Spontaneous coupling factor (β) 10-4 

Nonlinear gain suppression coefficient (ε) 3×10-17 cm3 

Proc. of SPIE Vol. 7386  73862O-6



 

 

3.3 Steady characteristics simulation 

In this section, the steady characteristics of the MMFBG-ECL were simulated. Fig. 8 shows L-I curve of the MMFBG-
ECL at first two wavelengths. Threshold currents were 18 and 20 mA, respectively. Slope efficiencies were 0.21 and 0.2 
W/A, respectively. Again for comparison, SMFBG-ECL was simulated simultaneously. Threshold current was 20 mA 
and slope efficiency was 0.067 W/A. This fits the experimental results (Fig. 4) quite well. Fig. 9 shows the simulated 
optical spectra at these two wavelengths. It can be seen from the figure that the TDTW model is quite straightforward to 
simulate the spectral property of the device. 

 
Fig. 8. Simulated L-I curve at first two wavelengths of the MMFBG-ECL and SMFBG-ECL, respectively. 

 
Fig. 9. Optical spectra at first two wavelengths of the MMFBG-ECL.  

4. CONCLUSION 
In this paper, statistic and dynamic behaviors of the MMFBG-ECL have been studied experimentally. Compared with 
SMFBG-ECL, MMFBG-ECL have shown promising properties such as multiple wavelength selection, high output 
power, and high speed modulation at each wavelength, which facilitate long wavelength WDM-LAN requirements. 
System transmission experiments over 250 m GIMMF have been demonstrated the excellent transmission performance 
of MMFBG-ECLs. On the other hand, the steady characteristics such as the multiple wavelength lasing and L-I curves 
have been simulated numerically by TDTW rate equations. Lasing at two wavelengths has been simulated and fits 
experiments results quite well. Dynamic behaviors simulation will be done in future work. 
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