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ABSTRACT 

An experimental investigation of the modal selection induced by optical injection in 1550 nm multitransverse-mode 

VCSELs is performed. The free-running VCSEL emits in two transverse modes that are linearly polarized in a direction 

referred as parallel. We consider the situation in which parallel polarized laser light is injected in the VCSEL in order to 

select its fundamental transverse mode. We analyze the dependence of the modal selection process on the wavelength 

detuning between the externally injected signal and the fundamental mode. The injected power needed to select the 

fundamental mode as a function of the wavelength detuning is measured for several values of the bias current. This 

injected power exhibits a minimum at a positive wavelength detuning. The curves obtained for different bias currents are 

very close for positive and large wavelength detuning, while they are very separated for smaller detuning. The selection 

of the fundamental mode can be obtained with a value of the injected power that changes only slightly with the bias 

current when the wavelength detuning is large and positive. These results indicate that operation at large and positive 

wavelength detuning is of interest in the long-distance single-mode fiber transmission of multimode injection-locked 

VCSELs because the selection of the fundamental mode is obtained with an injected power that is almost independent on 

the VCSEL bias current. Both, the minimum injected power and the wavelength detuning at which it appears increase 

with the VCSEL bias current. We describe the relation between transverse mode selection and injection locking by 

comparing the dependence of both phenomena on the wavelength detuning. Modal selection is accompanied by injection 

locking only for large and positive values of the wavelength detuning. For small detuning values, with the VCSEL 

biased with a low (high) current, the injected power required for modal selection is lower (higher) than that needed for 

injection locking. 

 
Keywords: Semiconductor lasers, vertical-cavity surface-emitting laser (VCSEL), optical injection, injection locking, 
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1. INTRODUCTION 

Vertical-cavity surface-emitting lasers (VCSELs) are very promising devices due to their inherent advantages in 

comparison with edge emitting lasers (single-longitudinal mode operation, low threshold current, circular output-beam 

profile, ease of fabrication of 2D arrays, compactness, wafer level testing, low cost, etc.) [1-2]. Injection locking in 

single-transverse mode VCSELs has been used to reduce the frequency chirp under modulation, to improve the laser 

intrinsic frequency response, and to increase the fiber transmission distance [3-6]. These advantages were firstly studied 

in edge-emitting semiconductor lasers [7-9]. Laser spectral narrowing and suppression of laser noise were demonstrated 

[8]. Optical injection is also of interest because it improves the performance of semiconductor lasers without modifying 

their design.  
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Although VCSELs emit in a single-longitudinal mode, emission in multiple transverse and polarization modes is usually 

found in solitary devices [10-16]. Emission in multiple transverse modes is usually attributed to spatial-hole burning 

effects [10-12]. Directly modulated, multi-transverse mode VCSELs are extensively used in local and storage area 

networks due to their low cost and wide bandwidth [17]. Optical injection has been used in multimode VCSELs to 

enhance their modulation response [18]. Greatly enhanced transmission distance of multimode VCSELs over standard 

single-mode fiber using injection locking has been recently reported [19]. Transmission distance as high as 90 km was 

achieved at 10 Gb/s by frequency chirp inversion and higher order transverse mode suppression [19]. Suppression of 

higher-order transverse modes in VCSELs induced by optical injection has been studied from experimental [19-25] and 

theoretical [24-30] points of view.  

Optical injection experiments in VCSELs have been usually performed using two different configurations. In the first 

one, linearly polarized external light is injected with a direction that is orthogonal to the linear polarization of the free-

running VCSEL. This is known as  “orthogonal  optical injection” [31]. In such master-slave configuration, the sweep of 

the injected power for a fixed frequency detuning between the two lasers leads to a bistable switching of the VCSEL’s 

polarization to the master polarization [31]. Bistable semiconductor lasers are expected to be key components for all-

optical signal processing applications in future optical networks [2]. Additionally, optical injection in VCSELs is an 

attractive method to obtain nonlinear transfer functions which can be used for different aplications in optical computing 

and in optical communications [2]. All-optical signal processing functions such as signal regeneration or inversion can 

be performed using transverse mode selection in multimode VCSELs under appropriate optical injection [2]. In a 

different configuration, known as “parallel optical injection”, linearly polarized light from an external laser source is 

injected parallel to the linear polarization of the solitary VCSEL [32]. Both, parallel [20-22] and orthogonal [23-25] 

optical injection have been used in experiments to suppress higher order transverse modes. Corresponding theoretical 

studies have been made for orthogonal [24-25] and parallel [26-30] optical injection configurations.  

Recent experimental and theoretical work on higher order transverse mode suppression in VCSELs induced by parallel 

optical injection have focused on devices with emission in two transverse modes [23, 29-30]. The selection of the 

fundamental mode (and hence, the suppression of the higher order mode) has been achieved when the two transverse 

modes have parallel polarizations [23,29-30]. Analysis was given of the dependence of the modal selection on the 

wavelength detuning, ∆λ=λinj-λf , where λinj is the optical injection wavelength and λf is the wavelength of the 

fundamental mode. The injected power needed to induce modal selection exhibited a minimum, Pmin, at a positive 

wavelength detuning, ∆λmin [23,30]. It was theoretically shown that both Pmin, and ∆λmin increase with the VCSEL bias 

current [30]. A linear increase of ∆λmin with the bias current was obtained [30]. The relation between the transverse mode 

selection and the injection locking was theoretically [30] and experimentally [23] obtained for large positive values of 

∆λ. In this case the selection was accompanied by locking of the fundamental mode to the optically injected signal 

[23,30]. However the relation between both phenomena was not explored for arbitrary values of the wavelength 

detuning.  

In this work we perform an experimental study of the transverse mode selection in a 1550-nm two-transverse mode 

VCSEL subject to parallel polarized optical injection. In a previous experiment the dependence on ∆λ of the injected 

power needed to induce transverse mode selection was studied for just one value of the VCSEL bias current [23]. We 

extend our measurements to consider several values of the bias current. We obtain a similar dependence on the current to 

that observed in theory [30]. Our measurements show that both Pmin, and ∆λmin increase with the bias current. We also 

report the relation between the transverse modal selection and the injection locking properties of multi-mode VCSELs 

for arbitrary values of ∆λ. We show that both phenomena occur simultaneously at the same level of injected optical 

power if large and positive values of  ∆λ are considered. For small enough values of ∆λ the injected power required to 

select the fundamental transverse mode of the VCSEL is smaller (higher) than that needed for the occurrence of injection 

locking for low (high) enough levels of the bias current.  

Our paper is organised as follows. In section II we describe our experimental setup. In section III we present the 

experimental results. Finally, in section IV a discussion and a summary are presented. 

 

 

II. EXPERIMENTAL SET-UP 

Parallel optical injection is achieved using the experimental set-up shown in Fig. 1. This setup is based on those used in 

[33-35]. An all-fiber system has been developed in order to inject the light from a tunable external cavity laser diode 

(Tunics Plus-CL) into a commercially available quantum-well 1550nm-VCSEL (RayCan
TM

) via a three-port polarization 



 

 
 

 

maintaining optical circulator. The bias current and the temperature of the device were controlled with a laser driver 

(Thorlabs LDC200) and temperature controller (Thorlabs TED200), respectively. The temperature of the VCSEL was 

held constant at 297 
o
K for all the experiments. The optical power and the polarization of the externally injected signal 

were controlled using a variable optical attenuator and a fiber polarization controller, respectively. An 98/2 fiber 

directional coupler was included in the setup to divide the optical signal from the tunable laser into two branches. The  

2% branch was connected to an optical power meter to monitor the optical input power, while the 98 % branch was 

directly launched into the 1550nm-VCSEL. After the third port of the optical circulator a 50/50 coupler was connected in 

order to analyze the reflective output of the VCSEL in an Optical Spectrum Analyzer (OSA, ANDO AQ6317) and in an 

electrical RF signal analyzer (Anritsu MS2719B). A fast photodetector (PD, 9 GHz bandwidth) was connected before the 

RF analyzer in order to obtain the RF spectrum of the signal. 

 

 
 

Fig. 1. Experimental set-up of parallel optical injection in a VCSEL.  

Fig. 2(a) shows the L-I characteristics of the solitary device. This is the same device that was studied in [23]. The 

VCSEL begins to emit in the fundamental transverse mode with a threshold current of Ith = 2.83 mA, measured at the 

temperature of 297 K. Linearly polarized emission in the fundamental transverse mode is observed until its bias current 

reaches a value of Ib=3.9 mA (1.4 times the threshold current). The direction of that polarization will be called “parallel” 

in this work. Above that bias current level the VCSEL also emits in a higher-order transverse mode. The higher-order 

transverse mode is also linearly polarized in the parallel direction. Fig. 2(b) shows the optical spectrum of the VCSEL at 

a bias current of Ib=4.9 mA. The two peaks, that correspond to the parallel polarized fundamental and high-order 

transverse modes, are located at the wavelengths of λf = 1560.59 and λh = 1558.5 nm, respectively. We have checked 

that both modes are linearly polarized and have parallel polarizations over the whole bias current range. 
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Fig. 2. (a) Light-current characteristics of the VCSEL without optical injection. (b) Optical spectrum of the free-running VCSEL 

(Ib=4.9 mA). 



 

 
 

 

 

III. EXPERIMENTAL RESULTS 
 

In this work we consider a “parallel polarized optical injection” configuration in which linearly polarized light from a 

tunable external laser source is injected parallel to the linear polarization of the free-running VCSEL. The polarization 

controller is adjusted in order to assure the parallel optical injection configuration. The optical injection is characterized 

by its wavelength λinj and by its strength, given by the value of optical power arriving at the VCSEL, Pinj. When the 

optical injection is applied, a new peak appears at λinj in the optical spectrum. The magnitude of that peak increases as 

Pinj increases whereas the peaks appearing at λf and λh, corresponding to the fundamental and higher-order transverse 

mode, respectively, remain unchanged. This fact indicates that the peak appearing at λinj is due to the tunable laser light 

that is reflected at the VCSEL cavity. The situation changes for larger values of Pinj that are slightly below the value in 

which injection locking occurs. This is shown in Fig. 3(a) where the optical spectrum is plotted when Pinj = 1.32 mW and 

∆λ = λinj - λf = 0.09 nm. Two light sources contribute to the peak  appearing at λinj: the tunable laser light that is reflected 

at the VCSEL and the fundamental mode of the VCSEL. This mode is contributing because the peak appearing at λf has 

clearly decreased its level with respect to the free-running case (see Figs. 2(b) and 3(a)). Injection locking is obtained for 

a slightly larger value of Pinj as shown in Fig. 3(b), where both peaks, located at λf and λh, have disappeared and the 

measured optical spectrum exhibits a single peak at the optical injection wavelength. Fig. 3(b) shows that, for the 

detuning conditions considered in Fig. 3, both phenomena, the locking and the selection of the fundamental mode occur 

simultaneously. This result was already obtained both in theory [30] and in experiments [23]. 
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Fig. 3. Optical spectrum for the multimode VCSEL subject to parallel polarized optical injection when Pinj is (a) 1.32 mW, 

and (b)=1.49 mW.  In this figure Ib=4.9mA and ∆λ= 0.09 nm. 

 



 

 
 

 

 

Fig. 4 shows the injected power required for the selection of the fundamental transverse mode as a function of the 

wavelength detuning, ∆λ, for several values of the bias current applied to the VCSEL. We have obtained these values by 

fixing the detuning and increasing the injected power from zero until a Side Mode Suppression Ratio (SMSR) of 20 dB 

is achieved. We have considered that the selection of the fundamental mode is obtained when the SMSR of the peak 

appearing at λinj with respect to the peak appearing at λh is equal or larger than 20 dB.  
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Fig. 4. Injected power required to achieve the fundamental transverse mode selection as a function of ∆λ for several values 

of Ib.  

 

The injected optical power required for modal selection exhibits a minimum, Pmin, at a positive value of wavelength 

detuning, ∆λmin. Fig. 4 shows that this result holds for a wide range of Ib. It also generalizes our previous experimental 

findings that were obtained for just one value of the current (Ib=4.9 mA) [23]. Curves are more asymmetric around ∆λmin 

as Ib is decreased. Fig. 4 also shows that the curves are very close for positive and large wavelength detunings, while 

they are very separated for smaller ∆λ. Both Pmin and ∆λmin increase when increasing Ib. These experimental results are in 

agreement with the theoretical results of [30]. Both, the asymmetry of the curves and the positive value of ∆λmin are due 

to the positive value of the linewidth enhancement factor, α [30]. In fact symmetric curves around ∆λmin=0 are obtained 

when α=0 [30].  

The fact that the curves in Fig. 4 are close for long injection wavelengths indicates that the selection of the fundamental 

mode can be obtained with a value of the injected power that changes slightly with the bias current when ∆λ is large and 

positive. This result is in agreement with previous theoretical results [30]. For instance, when ∆λmin = 0.075 nm, Pinj at 

which selection is obtained only changes from 1.10 to 1.64 mW when Ib is varied from 4.2 to 6 mA. This is in contrast 

with the large variations obtained at smaller values of ∆λ: when ∆λmin = 0.028 nm, Pinj at which selection is obtained 

changes from 0.027 to 4 mW when Ib is varied from 4.2 to 6 mA. Our results indicate that operation at large and positive 

∆λ is of interest in the long distance single-mode fiber transmission of multimode injection-locked VCSELs [19] because 

the selection of the fundamental mode is almost independent on the VCSEL bias current. 



 

 
 

 

 

 

Fig. 5 shows the dependence of Pmin and ∆λmin on Ib. Both quantities increase when increasing the bias current. A linear 

increase of ∆λmin with the current was obtained in theory [30].  This means that if the fundamental mode has to be 

selected with the minimum injected power, an increase of the injected current must be accompanied by a linear increase 

of the wavelength of the optical injection [30]. Α linear fit of our results is included in Fig. 5(b). The slope of the fit is 

∆λmin /∆Ιb is  0.032 nm/m and its regression coefficient is 0.94. The low regression coefficient can be due to the large 

uncertainty in the determination of ∆λmin for Ib=4.2 mA due to the wide plateau around the minimum value. 

Measurements for more values of Ib are desirable to fully check the previous linear relationship.  
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Fig. 5. (a) Pmin and (b) ∆λmin values as a function of the bias current.  

 

 

We have also studied the injection locking properties of the 1550 nm multimode VCSEL. Injection locking behavior has 

been characterized by using the RF spectrum of the total power. The transition to injection locking illustrated in Fig. 3(b) 

is characterized in the RF spectrum by a sudden decrease towards a flat shape. This is also the criterion that we have 

used to depict the stable locking region in [35]. Fig. 6 shows the injection locking diagrams in the plane of injected 

power versus wavelength detuning. These diagrams are depicted for the same values of the bias current considered in 

Fig. 4. The characterization of the locking behavior has been performed simultaneously with the characterization of the 

modal selection shown in Fig. 4. The values shown in Fig. 6 have been obtained by fixing the detuning and increasing 

the injected power from zero until its maximum value. The stable locking regime, where the wavelength of the 

fundamental mode follows the wavelength of the external signal, is obtained inside the curves shown in Fig. 6. Our 

results for the stable locking region are similar to those observed for single-transverse mode VCSELs subject to parallel 

optical injection [36]. The stable locking region is bounded on the long-wavelength side by the saddle-node bifurcation 

and on the short-wavelength side by the Hopf bifurcation [36]. 
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Fig. 6. Injected power required to achieve injection locking as a function of ∆λ for several values of Ib.  

 

 

Similarly to Fig. 4, locking curves are closer when ∆λ is large and positive than for smaller ∆λ. For a fixed ∆λ,  the value 

of Pinj at which the locking is obtained increases as Ib is increased. This increase is smaller for large and positive values 

of ∆λ. However the increase is similar for large values of  Ib because curves for Ib=6 and 7 mA become similar. We also 

note that results shown in Fig. 3 are not totally consistent with those reported in Figs. 4 and 6. Fig. 3(b) shows that the 

selection of the fundamental mode and locking is obtained at Pinj=1.49 mW when ∆λ=0.09 nm. However, Figs. 3 and 6 

indicate that both locking and selection are obtained at Pinj=1.75 mW for that value of ∆λ. The reason for this small 

discrepancy is that the results shown in Fig. 3 were obtained in a similar set-up but with instruments [23] that were 

different to those used to obtain Figs. 4 and 6. 

In Fig. 7 the relation between injection locking and modal selection is clarified when some of the results of Figs. 4 and 6 

are superimposed. Fig. 7(a) shows that for small enough values of ∆λ (∆λ<0.04 nm), the injected power required to 

select the fundamental mode is smaller than that needed for injection locking. The opposite situation is observed when 

increasing the bias current. Fig. 7(b) shows that when the VCSEL is biased with 6mA, for small values of ∆λ (∆λ<0.07 

nm) a larger Pinj is required for modal selection than that needed for injection locking. Finally, Figs. 7(a) and 7(b) show 

that the selection of the fundamental mode is accompanied by locking of that mode to the injected signal for large 

enough values of detuning (∆λ>0.04 nm and ∆λ>0.07 nm, for 4.9 and 6 mA bias currents, respectively). 
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Fig. 7. Injection power required to achieve fundamental transverse mode selection (circles) as a function of wavelength 

detuning when the VCSEL bias current is (a) 4.9 mA, and (b) 6 mA. Injection locking diagrams are also depicted with 

solid lines.  

 

 

 

V. SUMMARY AND CONCLUSIONS. 

 
To summarize, we have performed an experimental study of the transverse mode selection in a 1550-nm two-transverse 

mode VCSEL subject to parallel polarized optical injection. We have measured the injected power needed to select the 

fundamental mode as a function of the wavelength detuning for several values of the bias current. This power exhibits a 

minimum at a positive wavelength detuning value. The curves obtained for different bias currents are very close for 

positive and large wavelength detuning, while they are very separated for smaller detuning. The selection of the 

fundamental mode can be obtained with a value of the injected power that changes only slightly with the bias current 

when the wavelength detuning is large and positive. These results indicate that operation at large and positive 

wavelength detuning is of interest in the long-distance single-mode fiber transmission of multimode injection-locked 

VCSELs [19] because the selection of the fundamental mode is obtained with an injected power that is almost 

independent on the VCSEL bias current. Both, the minimum injected power and the wavelength detuning at which it 

appears increase with the bias current. Our results indicate that this wavelength detuning increases linearly with the bias 

current. This means that if the fundamental mode has to be selected with the minimum injected power, an increase of the 

injected current must be accompanied by a linear increase of the wavelength of the optical injection. We have 

experimentally investigated the relation between injection locking and modal selection for arbitrary values of the 

wavelength detuning. For small detuning values, with the device biased with a low (high) current, the injected power 

required for modal selection is lower (higher) than that needed for injection locking. Modal selection and injection 

locking occur simultaneously for large and positive values of the wavelength detuning. Our results are in qualitative 

agreement with recent theoretical investigations [30]. 
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