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Abstract 
 
Nonlinear Distortion Suppression in Fiber Optic Links  

Using Injection-locked Semiconductor Lasers 
 
 

Sung, Hyuk-Kee 

Dept. of Electrical and Electronic Eng. 

The Graduate School 

Yonsei University 
 
  In SCM fiber optic systems using direct modulation of the lasers, 

semiconductor laser nonlinearities and fiber chromatic dispersion cause 

harmonic and intermodulation distortions, and these can severely degrade 

overall system performance. As one method for suppressing the semi-

conductor laser nonlinearities and, thus, IMD3, optical injection locking of 

semiconductor lasers is very effective. 

   In this paper, through the small-signal analysis of the rate equation, 

injection locking characteristics are theoretically analyzed, and the effects of 

optical injection locking on the injection locking bandwidth and IMD3 

suppression in a side-mode injection- locked FP-LD are experimentally 

investigated. It is shown that FP-LD injection locking bandwidth and 

reduction of IMD3 is varied at the different injection target mode of FP-LD. 

Injection locking bandwidth and reduction of IMD3 can be enhanced by 

choosing an appropriate injection target mode. 



 vi  

   The dispersion-induced IMD3 variations in fiber optic link IMD3 on fiber 

transmission length are experimentally investigated for the free-running and 

injection- locked DFB- / FP-LD. IMDs in fiber optic link are degraded over 

transmission through dispersive fiber due to the combined effect of the laser 

nonlinearities and fiber dispersion. On the contrary, because the injection-

locked semiconductor lasers have the improved laser dynamics such as the 

relaxation oscillation frequency increase and the reduced frequency chirping, 

the significant IMD3 reduction can be achieved, and the dispersion-induced 

IMD3 of the injection- locked DFB- / FP-LD is maintained not being degraded 

over fiber transmission.  

 

 

 
 

 

 

  

 

 

 

  

 

 

Key words : laser nonlinearity, fiber chromatic dispersion, intermodulation 

distortion, optical injection locking  
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I. Introduction 
 

At information technology age, it is optical communication technology that 

provides large data capacity and high-speed transmission which information 

consumers need. Optical transmission techniques up to several tens of Gbps 

have been already applicable and are used in the field of multimedia data 

transmission. Furthermore, the rapidly growing popularity of the Internet and 

the World Wide Web requires more rapid and capacity-enhanced optical 

communication networks. 

Among many optical communication systems, subcarrier multiplexed 

(SCM) fiber optic systems with direct laser intensity modulation have many 

applications such as wireless local loop, cable television distributions and 

fiber-radio systems. The direct modulation of semiconductor laser is a simple, 

low-cost approach for transmitting RF-range subcarriers. However, in the 

system where directly modulated semiconductor lasers are used, the nonlinear 

distortions such as harmonic distortions and intermodulation distortions due to 

semiconductor laser nonlinearities and fiber chromatic dispersion can severely 

degrade overall system performance [1-3]. Among many distortions, in the 

systems where 2HD and IMD2 frequencies all lie outside the frequency band 

of interest, the overall system performance is mainly affected by IMD3 [4], 

although third-order intermodulation distortion (IMD3) is much smaller than 

second-order harmonic (2HD) and sum term intermodulation distortion 

(IMD2) [5]. 

Hence, it is required to suppress the IMD3 induced by semiconductor laser 

nonlinearities and fiber dispersion. Several techniques have been proposed to 
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reduce the dispersion-induced distortions in SCM fiber optic systems such as 

using fiber grating equalizers [6] or tilted etalon [7]. Also as another solution 

for suppressing nonlinearities of semiconductor lasers, the optical injection 

locking of semiconductor lasers has been widely investigated and found very 

effective [8-9]. The optical injection locking scheme requires two light sources 

- master laser (ML) and slave laser (SL). The light from ML is injected into SL 

and SL’s output is locked to ML. Two major parameters for the injection 

locking are frequency detuning - frequency difference between ML and SL - 

and injection power ratio. If the injection locking conditions are satisfied, 

improvements in laser dynamics such as relaxation oscillation frequency 

increase and frequency chirp reduction can be achieved [10]-[11]. 

However, the effect of fiber dispersion- induced IMD3 under optical 

injection locking has not been studied in the fiber optic link. In this thesis, the 

fiber dispersion- induced IMD3s under free-running and injection- locked state 

are investigated. First, Section II deals with nonlinear distortion characteristics 

of injection- locked distributed feedback laser diode (DFB-LD) based on 

numerical anaysis. In section III, injection locking bandwidth and IMD3 

reduction of injection- locked Fabry-Perot laser diode (FP-LD) with no fiber 

transmission is investigated experimentally. Finally, Section IV deals with the 

experimental investigation on the dispersion- induced IMD3 using free-running 

DFB- / FP-LD and demonstrate that the dispersion- induced IMD3 can also be 

much reduced and made less dependent on the transmission length by using 

injection-locked DFB- / FP-LD. 
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II. Nonlinear Distortion Characteristics of  

  Injection-locked DFB-LD 
 
A. Locking Characteristic Analysis 
 
   Injection locking is a way to synchronize one free-running oscillator to a 
stabilized master oscillator. Injection locking of semiconductor lasers can be 
widely used in many optical communication systems because it is a good 
method to improve semiconductor laser characteristics such as frequency 
chirping reduction, partition noise reduction, linewidth narrowing and 
relaxation oscillation frequency increase [9,12]. Optical injection locking 
method requires two optical sources, - a master laser (ML) and a slave laser 
(SL). Light emitted from one laser, the ML, is injected into the other laser, the 
SL, and the reflected light from the SL is assumed to be blocked by optical 
isolator or circulator. The light from the ML is injected into the SL and the 
SL’s output is locked to the ML when the injection locking conditions are met. 
Two major parameters for the injection locking are frequency detuning - 
frequency difference between the ML and the SL - and injection power ratio. If 
the injection locking conditions are satisfied, improvements in laser dynamics 
such as relaxation oscillation frequency increase and frequency chirp reduction 
can be achieved. 

The optical injection locking is described by the following differential 
equation for the complex electric field of the SL [10,13] ;  

   ).()()()()( tEftENGNjtE
dt
d

MLdSL
p

SL η
τ

ω =














−+−
1

2
1             (1) 

This equation is derived from a traveling wave description of the field inside 

the laser cavity. In the above equation, ESL(t) and EML(t) represent the SL and 

ML electric field, respectively. ω(N) is the angular optical frequency and G(N) 
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the modal gain of the SL, both depending on the carrier density N. τp is the 

photon lifetime, fd the longitudinal mode spacing, and η  the coupling 

efficiency. The complex field of each laser is given by following equations; 
[ ])()()( ttj

SL etEtE 00
0

φω +=                           (2a) 
[ ]11

1
φωη += tj

SL eEtE )(  ,                           (2b) 

where E0(t), E1 , φ0(t) and φ1 are real-valued and ω0 is the angular frequency of 

the free-running SL. E1 and φ1 is set to constant and zero respectively without 

loss of generality [10]. Phase noise can be neglected because the ML is 

intended to be a stabilized light source with narrow linewidth.  

   By means of the above equations and relationships between carrier density 

change and angular optical frequency of the SL, Eq.(1) can be converted to the 

amplitude-phase representation;  

       ))((cos)()()( tEftEtNGtE
dt
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τ
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In the above equations, GN is ain coefficient, α linewidth enhancement factor, 

∆N(t) the relative change in carrier density, J injection term, and τs the 

spontaneous emission lifetime. Equations (3a)-(3c) form the basic theoretical 

model for injection locking. Stationary solution from the above rate equation, 

injection locking bandwidth ∆ωL can be derived as follows where 0E~  is 

stationary value of E(t) [13], 

          2

0

1 1 αω +≤∆
E
E

fdL ~                            (4) 

   Injection locking bandwidth can be further classified into two distinctive 

. 
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regimes: stable locking and unstable locking. In the stable locking regime, the 

output power converges to a steady-state value when a small perturbation is 

introduced. In the unstable locking regime, however, the power does not 

converge to the steady-state value but experiences a self-sustained oscillation 

or even chaos when a small perturbation is introduced [14]. Such an oscillation 

and chaos produce multiple sidebands in the output optical spectra. The range 

for the stable locking regime can be determined by the s-domain stability 

analysis of the rate equation.  

   Fig. 2-1 shows the stable locking range (S) for the frequency detuning 

between the ML and SL as a function of injection power ratio. The parameter 

value used in the numerical simulation are listed Table I. Here, injection level 

is defined as (E1 / 0E~ ) 2, where E1 is the injected optical field amplitude just 

outside the SL facet and 0E~  is the output optical field amplitude of the free-

running SL. Outside the symmetric solid lines, no stationary solutions exist 

and the laser shows a beat phenomena. L/U means the periodic locking / un-

locking region. For a detuning within symmetric solid lines, locking 

phenomena can be occurred. In ILIP region, which means injected light-

induced pulsations, the SL exhibits the unstable locking characteristics such as 

pulsation close to the resonance frequency of the free-running laser, as 

mentioned above.  

   The SL transient responses under different locking conditions found in Fig. 

2-1 can be solved by the fourth order Runge-Kutta integration of the rate 

equation. The laser spectra can be obtained from the fast Fourier transform of 

the SL output power at the steady-state solution of the transient response. In 

the calculations, noises are not taken into account. The dynamic solutions of  
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Table I. Laser Parameter and Their Numerical Values [13] 
 
 

 
 
 
 
 
 
 
 
 

Symbol Parameter    Value

τs

Spontaneous emission

lifetime
    2ns

τ
p Photon lifetime     2ps

fd Longitudinal mode spacing     125 GHz

GN Gain coefficient     1.1×10-12 m3s-1

N0 Carrier density to reach zero gain     1.1×1024 m-3

α Linewidth enhancement factor     3

I/Ith Normalized bias current     1.3
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Figure 2-1. Characteristics of locking regimes as a function of injection level. 

They are characterized into three regimes – L/U, ILIP, S – with 

different locking behaviors. L/U means the periodic locking / 

unlocking region, ILIP the injected light- induced pulsations and S 

the stable locking range. The filled area is the dynamically stable 

region.  
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the rate equation 3(a) – 3(c) depend strongly on the frequency detuning for a  

given injection level. Outside the locking range (the L/U region) the power 

switches between a locked and unlocked state in a periodic manner. In the 

dynamically unstable region (the ILIP region), the laser pulsates with a 

relaxation resonance frequency of several gigahertz. On the other hand, in the 

dynamically stable locking range (the S region), the laser is in a stable locked 

state and the output power of the injection- locked SL laser is centralize at a 

frequency of the ML.  

   Fig. 2-2 shows an example of calculated power spectra for a given injected 

level of –40 dB and different detuning values as marked in Fig. 1-1 as (a) – (d). 

In Fig. 2-2(a), the frequency detuning ∆f is –2GHz, which is located far from 

locking region. A large portion of the SL output power is located at a free-

running SL’s lasing frequency, and beat phenomena are noticed on the other 

side of the dominant power. The interaction between the ML and SL reduces 

the frequency difference, so the SL’s lasing frequency becomes slightly closed 

to the MLs’. Fig. 2-2(b) with ∆f = -500 MHz shows a stable locked state with 

all of the power concentrated at the ML frequency. In Fig. 2-2(c), the spectrum 

contains harmonics of the relaxation resonance frequency of 2.5 GHz. The 

situation in Fig 2-2(d) may be characterized as dynamically unstable locked 

states as in the Fig. 2-2(c), but the instability is too strong to maintain even a 

poor locking and a resultant spectrum shows many sidebands due to the 

unstable beat phenomena. From the analysis of injection locking 

characteristics, nonlinear distortion suppression by injection- locked semi-

conductor laser will be discussed in the following subsection.  
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Figure 2-2. Power spectra for the different locking conditions, marked (a) ~ (d) 

in Fig. 2-1. The injection level is –40 dB.   
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Figure 2-2. (continued) 
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B. Nonlinear Distortion Suppression in Injection-locked 
DFB-LD 
 

The optical analog transmission of GHz-range signals is recently attracting 

much interest for WLL (wireless local loop), CATV, and satellite system 

applications. In these applications, direct modulation of a semiconductor laser 

diode is used for transmitting signals multiplexed by RF-range subcarriers. 

Consequently, semiconductor laser nonlinearity becomes a crucial issue in the 

system performance because it can cause signal distortions by inter-channel 

interference, which limit the number of channels as well as transmission 

distance [8,15]. In low-frequency applications, such as CATV systems (< 

1GHz), the distortion is mainly due to the nonlinear light-versus-current 

characteristic (L-I). In contrast, for high frequency SCM systems, such as 

cellular mobile communication systems, which operate in a multigigahertz 

range near the relaxation resonance frequency of semiconductor lasers, the 

nonlinearity induced by the coupling between photons and electrons in the 

laser cavity becomes dominant [16-18]. To suppress the nonlinearities of 

semiconductor lasers, injection locking has been extensively studied and 

experimentally confirmed [9]. In this subsection, the effects of optical 

injection locking on the nonlinear distortions of directly modulated DFB-LD 

are investigated by numerical simulations. 

  The nonlinear distortions induced by laser source nonlinearities can be 

numerically analyzed by the large signal analysis of the rate equations 

 

.... . ....
 

.... . ....
describing injection- locked SL [19]; 
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   G = vga0 / (1+εP(t) ) .                                          5(d) 

   In the above, P(t) and N(t) are the photon and electron densities of the SL, 

Φ(t) is optical phase of the SL, Γ optical confinement factor, N0 transparent 

carrier density,  τp photon lifetime, β  spontaneous  emission factor, τn carrier 

lifetime, vg group velocity, α linewidth enhancement factor, a0 gain coefficient, 

and LC active layer cavity length. ∆f and Pinj are lasing frequency difference 

between the ML and SL, and photon density injected into the SL’s cavity. Φinj 

is set zero without loss of generality [10]. The locking behavior of 

semiconductor lasers strongly depends on two parameters; - injection ratio (R) 

and frequency detuning (∆f ). The injection ratio is defined as the power ratio 

of the injected signal from the ML to the free-running SL output signal. The 

frequency detuning is the lasing frequency difference between the ML and 

free-running SL. Through the small-signal analysis of the rate equation 5(a) – 

5(d), modulation responses against modulation frequency for the free-running 

and injection-locked lasers can be obtained. Fig. 2-3 shows the calculated 

frequency response of the DFB-LD. In this calculation, all parameter values 

are obtained from Table II and the output power of the SL is biased at 46 mA 

( ≅ 2 × Ith). The resonance peak of the laser with injection locking (R = - 5 dB,  

∆ƒ = -12 GHz) is considerably enhanced up to 11.7 GHz from the free-running  
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Table II. Laser Parameter Value for IMD3 Analysis [19] 

 

 

 

 

 

 

Symbol Parameter    Value

Γ Optical confinement factor    0.2

N0 Transparent carrier density    1.0×1018 cm3

τp Photon lifetime    0.9 ps

τn Carrier lifetime    1 ns

β Spontaneous emission factor    1.0×10-4

α Linewidth enhancement factor    5

a0 Gain coefficient    3.17×10-16 cm2

vg Group velocity    7.5×109 cm/s

Va Active layer volume    45 µm3
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value of 3 GHz. Fig. 2-3 shows clearly that the modulation bandwidth can be 

enhanced with increasing injection ratio R.  

   It is known that the nonlinear distortion becomes more severe as the 

modulating frequency approaches the relaxation oscillation frequency due to 

the nonlinear coupling between electrons and photons. Hence, if the relaxation 

oscillation frequency of the laser is increased, the nonlinear distortions in 

multigigahertz range can be reduced. For narrow-band applications, the IMD3 

of the closely spaced subcarriers is most important because the unwanted 

signals fall close to the original subcarriers. To observe the IMD3 due to the 

laser nonlinearities and its reduction by optical injection locking, 

semiconductor laser is modulated by two-tone RF signal (f1 = 2.6 GHz, f2 = 

2.7 GHz). It can be numerically simulated using the rate equation by injecting 

two sinusoidal signals imposed on the bias current into the SL. SCM optical 

signal emitted from the SL is converted into complex electric field, and the 

obtained complex field is converted into detected RF signal using fast Fourier 

transform.  

   Fig. 2-4 shows the calculated results of the RF spectrum for the free-

running and injection- locked lasers modulated by a two-tone RF signal. The 

power of each RF signal is kept at 0 dBm for both cases. To achieve the stable 

injection- locked state, the frequency detuning ∆ƒ is -12 GHz, where frequency 

detuning for the stable injection- locked state ranges from -3.7 GHz to -42.9 

GHz at the injection ratio R = –5 dB. The IMD3 defined as the ratio of the 

power at third-order intermodulation product (IMP3) frequency to the power 

at the fundamental modulating frequency. As shown in Fig 2-4(a), IMD3 for 

free-running laser is –36 dBc. On the other hand, Fig. 2-4(b) shows the  
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Figure 2-3. Frequency responses both the free-running and injection-locked 

lasers.  

         --------- injection power ratio –10 dB, frequency detuning –10 GHz 

                injection power ratio –5 dB, frequency detuning –12 GHz 
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 Figure 2-4. Simulated RF Power spectra of the DFB-LD by a two-tone RF 

signal( f1 = 2.6 GHz, f2 = 2.7 GHz ). for the free-running (a) and 

injection-locked lasers (b). 
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corresponding power spectrum for the DFB-LD under injection locking. The  

IMD3 is considerably reduced by –45 dBc. In addition, the fifth-order 

intermodulation products located at 2.4 GHz ( 3f1 - f2 ) and 2.9 GHz ( 3f2 - f1 ) 

can be also reduced by about 20 dB by employing optical injection locking 

technique. 

   Fig. 2-5 shows the received RF powers of the fundamental and IMP3 

against the input RF power for both free-running and injection- locked lasers. 

With the optical injection locking, the spurious-free dynamic range (SFDR) 

can be improved from 53 dB · MHz 2/3 to 56.5 dB · MHz 2/3. Consequently, by 

the rate equation analysis with the optical injection term, it is found that the 

IMD3 of the injection-locked DFB-LD can be much reduced due to the 

relaxation oscillation frequency increase and the resulting SFDR is also  

increased. In section III and section IV, the experimenatl observation of IMD3 

reduction by optical injection locking of FP-LD and the IMD3 variances over 

the fiber transmission is discussed experimentally. 
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Figure 2-5. The SFDR of the link with directly modulated DFB-LD for the 

free-running and injection-locked laser. 
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III.IMD3 Reduction of Injection-locked FP-LD  
 

   The modulation bandwidth of semiconductor lasers is approximately 

proportional to the relaxation oscillation frequency. Therefore, much effort has 

been made to increase the relaxation oscillation frequency. In many 

approaches to increase the relaxation oscillation frequency and suppress the 

nonlinearities of the semiconductor lasers, injection-locking technique of 

DFB-LD has already been analyzed in the previous section. In this section, we 

examine the injection locking bandwidth and make the first experimental 

demonstration of the IMD3 suppression at the different injection target modes 

of FP-LD. 

 
A. Injection-locking Bandwidth of FP-LD 

 

   Injection locking characteristics of an intermodal injection- locked Fabry-

Perot semiconductor lasers were reported theoretically by J. M. Luo et al. [22] 

and experimentally by Y. Hong et al. [23]. They showed that at a fixed optical 

injection power, the relaxation oscillation frequency increases when light is 

injected into a shorter wavelength mode and a larger stable locking range is 

achieved by choosing an appropria te  in ject ion target  mode.   

   For the measurement of the stable locking ranges and the reduction of 

IMD3 at a different target mode of a FP-LD, the experimental setup is 

illustrated in Fig. 3-1. An external cavity tunable laser (TL) with a tuning 

range of 0.002nm is used as a ML and a commercially available FP-LD 

(SAMSUNG, SFL24-B1-3) with mode spacing of ~0.84nm at a dc bias of  
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19.0mA is used as a SL. Two optical isolators of  >50 dB isolation are used to 

prevent light coupling from the SL to the ML and to protect the ML against 

backreflected light. The optical spectrum analyzer and RF spectrum analyzer 

a r e  u s e d  t o  m o n i t o r  t h e  s t a b l e  i n j e c t i o n- l o c k e d  s t a t e . 

   Fig. 3-2(a) shows optical spectrum of free-running FP-LD and definition 

of mode number for the FD- LD operating at dc bias 19.0mA. Mode number 0 

(wavelength = 1550.52 nm) is the peak of all FP-LD lasing modes, positive 

mode number indicates shorter wavelength than mode 0, and negative mode 

number indicates longer wavelength than mode 0. Each selected mode is 

spaced by 3 mode difference from defined neighboring modes. Fig. 3-2(b) 

shows that under stable strong injection at mode 0 from the ML, mode 0 is 

dominant and other modes are sufficiently suppressed at a degree of mode 

suppression ratio (MSR) >40dB. Similarly, as shown in Fig. 3-2(c) and Fig. 3-

2(d), injections at mode +4 and mode –4 also suppress of the other entire mode 

with almost the same MSR as in the mode 0 injection case. 

   Stable locking ranges at different injection target modes are determined by 

observing optical power spectra of OSA and beat phenomena of RF spectrum 

analyzer. The measured stable locking bandwidth at 9 different injection target 

modes varying injecting power is shown Fig. 3-3. The frequency detuning is 

defined the difference of the ML’s frequency and SL’s free running target 

mode frequency. In accordance with the known result that injection locking 

bandwidth increases as the injection ratio increase [23], the stable injection 

locking bandwidth becomes larger as the increase of the TL injection power. 

At the same TL injection power, the maximum injection locking bandwidth is 

achieved in a higher mode. The result for injection into positive modes is in  



 22  

    

1540 1545 1550 1555 1560
-100

-80

-60

-40

-20

0

20

-4-3-2-10+1+2+3+4

Mode Number
O

p
ti

ca
l P

o
w

e
r 

(d
B

m
)

Wavelength(nm)

(a)
      

    

1540 1545 1550 1555 1560
-100

-80

-60

-40

-20

0

20

Mode 0

 

 

O
p

ti
ca

l P
o

w
e

r 
(d

B
m

)

Wavelength(nm)

(b)
 

Figure 3-2. Optical power spectra of FP-LD and definition of mode number. 

(a) free-running and (b) injection into 0 mode at 5 dBm ML output 

power 
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Figure 3-2. (continued)  

  (c) injection into +4 mode at a 5 dBm ML output power 

  (d) injection into -4 mode at a 5 dBm ML output power 
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     Figure 3-3. Injection locking bandwidth versus mode number.                

TL output power is set at 2, 5, and 8 dBm, respectively.  
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 Figure 3-4. Frequency detuning versus the ML output power for injection 

target mode 0 and +4 respectively. For mode 0, below TL output 

power 2 dBm, frequency detuning is not distinguishable. 
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agreement with theoretical predictions [22]. At the TL output power 8 dBm, 

injection locking bandwidth ranges more than about 20 GHz in the entire 

different injection modes. Fig. 3-4 confirms the result because the injection 

locking bandwidth is larger at mode +4 injection than at mode 0 injection and 

becomes larger at stronger injection. As reported previously [22]-[23], the 

injection into short-wavelength target mode (positive mode number) increases 

the stable locking range and this characteristic is related to gain peak shifts 

towards longer wavelength and injection power ratio of the ML to SL’s 

injection target mode at free running.       

      

B. Dynamic Range Enhancement 

 

   The characteristics of IMD3 for different injection target modes under 

modulating the SL by two-tone RF signals (f1 = 2.5GHz, f2 = 2.6GHz) are 

investigated. For each of the selected injection target mode, the ML frequency 

is chosen at the center of each stable locking range. Fig. 3-5 shows measured 

RF spectra for the free-running and mode +4 injection- locked case because 

mode +4 has the largest injection locking bandwidth of 9 injection target 

modes and been expected to have the more increased relaxation oscillation 

frequency. In Fig. 3-5(a), the IMD3 is –25.52 dBc for free-running FP-LD. Fig. 

3-5(b) shows the IMD3 of -31.01 dBc for mode +4 injection- locked case and 

significant suppression of IMD3 at the frequency of 2f2-f1 (=2.7GHz) and 2f1-

f2 (=2.4GHz) compared to free-running case.  

   We only concern about the one IMD3, 2f2-f1 because two IMP3s have 

symmetric characteristic . Fig. 3-6 shows the power of fundamental  
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Figure 3-5. Measured RF spectra (a) free-running, (b) mode +4 injection 

locking, Two-tone RF power +4dBm, ML output power +5dBm. 
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components and IMP3 of FP-LD output as a function of modulating two-tone 

RF signal power where two-tone RF signal powers are the same. By linear 

fitting, spurious-free dynamic range (SFDR) can be estimated. Compared with 

the free running case, mode +4 injection- locked case shows reduction of 

IMD3. Consequently, SFDR is significantly enhanced at the latter case. Using 

the same experimental procedure, powers at the fundamental component and 

IMP3 are measured for 8 modes defined in Fig. 3-2(a). Fig. 3-7 shows 

normalized SFDR, which is defined as the ratio of SFDR in free-running case 

to injection- locked case. Injection locking into any sidemode reduces IMD3 

compared to free running and choosing an appropriate injection target mode, 

especially positive mode number, significantly improves nonlinear suppression 

of FP-LD.   

   In this section, the nonlinear distortion suppression of FP-LD by optical 

injection locking has been experimentally investigated. The intermodal 

injection locking characteristics of FP-LD for 9 different target modes have 

been examined, and it has been showed that at a fixed injection power, 

injection into shorter wavelength from a peak mode is useful to enlarge stable 

locking range. For the injection-locked states into different injection target 

modes, experimental measurements of IMD3 reduction were also performed. 

It was showed for the first time that the IMD3 reductions are achievable at any 

target mode injection locking. Consequently, choosing an appropriate injection 

target mode can enlarge stable locking bandwidth and reduce the IMD3 

significantly. 
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Figure 3-6. Measured FP-LD output RF component and IMD3 versus 

modulating input RF power. (a) free-running and (b) mode +4 

injection 
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Figure 3-7. Normalized SFDR improvement for all injection target 

modes.   The noise floors is assumed –90dBm. 
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VI. Dispersion-induced IMD3 over Fiber 
Transmission 

 

   In section II and III, IMD3 suppressions in injection-locked DFB-LD and 

FP-LD have been discussed. However, IMD3 variations over fiber 

transmission, when injection- locked semiconductor lasers are used, have not 

been studied yet. In this section, the fiber dispersion- induced IMD3 variations 

for the free-running and injection- locked DFB- / FP-LD are investigated 

numerically and experimentally. It is found that the dispersion- induced IMD3 

increases during fiber transmission because of the combined effect of laser 

source nonlinearities and fiber chromatic dispersion, and it can be much 

reduced and less dependent on fiber transmission length by using injection-

locked DFB- / FP-LD.   

 

A. IMD3 for DFB-LD  
 

   A – 1. Experiments   

   Fig. 4-1 shows the experimental setup for measuring the IMD3 depen-

dence on fiber length for free-running and injection-locked semiconductor 

lasers. The external-cavity tunable light source is used for a ML. For a SL, a 

commercially available, unisolated DFB-LD (Samsung SDL-24) is used. 

Optical circulator with >40dB isolation is used to prevent light coupling from 

the SL to the ML and protect the SL against backreflected light. For generating 

subcarriers, the SL is directly modulated with two–tone RF signals, of which 

frequency is f1  = 2.6 GHz and f2 = 2.7 GHz. The standard single- 
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Figure 4-1. Experimental setup 
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mode fiber is used in the experiment. 

   For both free-running and injection- locked states, SL is biased at 15mA 

( ≅1.9 × Ith ). Each power level of RF signals before Bias-T is set at -6dBm. To 

achieve the stable injection-locked state, the frequency difference between ML 

and SL is set at 10 GHz, where stable locking range about 20 GHz and the 

injection ratio at about –5 dB. Received RF powers at the fundamental ( f2 = 

2.7 GHz ) and IMP3 ( 2f2 - f1 = 2.8 GHz ) frequencies are measured while the 

fiber length is varied in the increment of 5 km up to 40 km. 

   Fig. 4-2 shows the measured RF spectra at the fundamental and IMP3 

frequencies in the free-running state. The dispersion- induced IMD3 is, here, 

defined as the ratio of the power at third-order intermodulation product (IMP3) 

frequency to the power at the fundamental modulating frequency. The IMD3 

for the free-running state is –21.5 dBc at 0km and increases to –11.0 dBc at 

30km as shown in Fig. 4-2(a) and 4-2(b), respectively. The reduced power at 

fundamental frequency after 30km transmission is mainly due to fiber loss ( ≅ 

-0.2 dB/km ), but the power at IMP3 frequency is not reduced so much due to 

fiber dispersion. The IMD3 after 30km transmission is increased by 10.5 dB. 

For the injection-locked state (Fig. 4-3(a), (b)), IMD3 is –27.17 dBc at 0 km 

and –26.0 dBc at 30 km. In this case, IMD3 increase is only 1.17 dB and about 

15dB reduction in IMD3 compared to free-running DFB-LD are achieved by 

using injection-locked DFB-LD. 

   The reduction of fiber dispersion- induced IMD3 for the injection-locked 

laser can be explained as follows. When semiconductor laser is directly 

modulated by RF signals, modulated optical spectra are broadened by intensity 

(IM) and frequency modulation (FM) effect. Harmonic and intermodulation  



 34  

   

2.5 2.6 2.7 2.8
-90

-80

-70

-60

-50

-40

-30

-20

-10

-21.5dBc

Frequency (GHz)

        (a)

R
e

ce
iv

e
d

 R
F

 P
o

w
e

r 
(d

B
m

)

 

 

 

   

2.5 2.6 2.7 2.8
-90

-80

-70

-60

-50

-40

-30

-20

-10

 R
e

ce
iv

e
d

 R
F

 P
o

w
e

r 
(d

B
m

)

Frequency (GHz)

      (b)

-11.0dBc  

 

Figure 4-2. Measured RF power spectra for the free-running DFB-LD directly 

modulated by a two-tone RF signal (f1 = 2.6 GHz, f2 = 2.7GHz).      

(a) 0km (b) 30km transmission 
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Figure 4-3. Measured RF power spectra for the injection- locked DFB-LD 

directly modulated by a two-tone RF signal (f1 = 2.6 GHz, f2 = 

2.7GHz). (a) 0km (b) 30km transmission 
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products are produced by these broadened optical spectra, and vary during 

transmission by fiber dispersion and loss [4]. Fig. 4-4 shows optical spectra 

measured by Fabry-Perot interferometer for the free-running and injection-

locked DFB-LD directly modulated by a two-tone RF signal. Injection-locked 

DFB-LD has narrower optical spectrum than free-running DFB-LD due to 

reduced laser chirping. 

   In Fig. 4-5(a), the received RF powers at the fundamental and IMP3 

frequencies are plotted for the free-running state at various fiber lengths. 

Overall, the received RF powers at both fundamental and IMP3 frequencies 

decrease with fiber length due to the fiber loss. The IMD3 increases during 

transmission due to fiber dispersion. IMD3 variations on fiber length are 

shown in Fig. 4-5(b). The IMD3 is –21.5dBc back-to-back and –9.31dBc at 

40km transmission, which shows IMD3 degradation of 12.19dB after 40km 

transmission. However, for the injection- locked state ( Fig. 4-6(a) ), powers at 

fundamental and IMP3 frequencies decrease almost at the same rate. Due to 

the enhanced laser linearities such as frequency chirp reduction, IMP3 also 

decreases at the same rate as fundamental power decrease. As shown in Fig. 4-

6(a), in the injection- locked state, IMD3 is –27.17dBc back-to-back and –

25.62dBc at 40km transmission. The IMD3 degradation is only 1.55dB in the 

injection- locked state and its variation is maintained within about 2dB for the 

entire transmission length. Compared to the free-running state, in the 

injection- locked state, 16.3dB reduction in IMD3 is achieved for 40km fiber 

transmission. 
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Figure 4-4. Optical spectra measured by Fabry-Perot interferometer for the 

free-running and injection-locked DFB-LD directly modulaed by 

a two-tone RF signal (f1 = 2.6 GHz, f2 = 2.7GHz) 
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Figure 4-5. (a) Received RF power at f2 and 2f2-f1 versus fiber length       

(b) IMD3 versus fiber length for the free-running state. 
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Figure 4-6. (a) Received RF power at f2 and 2f2-f1 versus fiber length       

(b) IMD3 versus fiber length for the injection-locked state. 
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A - 2. Simulations 

   The IMD3 induced by laser source nonlinearities can be numerically 

analyzed by the large signal analysis of the rate equations 5(a) - 5(d) 

describing injection- locked SL [19]. The SL direct modulation is obtained by  

    )fcos(2III(t) k
k

kbias π∑+=                    (6) 

modulating injection current I(t), where Ibais is bias current for SL, Ik is the 

amplitude of kth subcarrier, and fk is the modulating frequency of kth 

subcarrier. In order to consider the effect of the fiber chromatic dispersion 

combined with laser source nonlinearities, SCM optical signal emitted from 

the SL is converted into complex electric field and the obtained complex field 

transmits through dispersive fiber. The dispersive fiber is linearly modeled as 

[24], 

             









=

c
DLfj

exp(f)H
22

f
πλ                               (6) 

where λ is wavelength of CW laser, D fiber dispersion coefficient, L fiber 

length, and c speed of light in free space. Fig. 4-7(a) shows the calculated 

results of IMD3 at the different modulation index and fiber length for the free-

running state under no light injection. Two-tone modulating RF frequency is f1 

= 2.6 GHz and f2 = 2.7 GHz. Intensity modulation (IM) index mI is defined as 

mI = Ik/(Ibias-Ith), where Ith is the threshold current of the semiconductor laser. 

In the free-running state, IMD3 becomes larger with the increase of either 

fiber transmission length or IM index due to combined effect of laser 

nonlinearity and fiber chromatic dispersion. When the semiconductor laser is 

injection locked, semiconductor laser frequency chirp dominating frequency 

modulation (FM) index and degrading the system performances combined 
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with fiber dispersion [8], can be significantly reduced. Because of the FM 

index decrease, fiber dispersion- induced IMD3 of the injection- locked DFB-

LD is not  degraded over fiber transmission, as shown in Fig. 4-7(b), and, at 

no transmission, IMD3 is much suppressed compared to the free-running state 

[9]. 

 

   B. IMD3 for FP-LD 

  FP-LD is used as a SL instead of DFB-LD in order to investigate the IMD3 

dependence of FP-LD on fiber length in the experimental setup shown Fig. 4-1. 

The SL is again biased at 15mA ( ≅ 3.3 × Ith) and directly modulated by two-

tone RF signals at f1 = 2.6 GHz and f2 = 2.7 GHz. The power level of both RF 

signals before Bias-T are kept at –6 dBm. In order to achieve stable injection 

locking, one injection target mode among FP-LD’s multi-modes is chosen and 

the ML is tuned within the locking bandwidth. In this experiment, we chose a 

sidemode located at the shorter wavelength side from the peak mode so that 

the larger injection locking bandwidth can be utilized [23]. Since the optical 

power of the injection-locked FP mode is much smaller compared to that of 

DFB-LD’s fundamental mode, the injection locking bandwidth is much larger 

for FP-LD than DFB-LD. Hence, the injection locking of FP-LD can be 

achieved more easily than DFB-LD. The injection ratio between ML and FP-

LD target mode is about 0 dB and the stable locking range is about 40 GHz. 

   Fig. 4-8 shows the measured RF spectra at the fundamental and IMP3 

frequencies in the free-running state when the FP-LD is used as the SL. The 

IMD3 for the free-running state is –19.3 dBc at 0km and increases to –0.9 dBc 

at 20km as shown in Fig. 4-8(a) and 4-8(b), respectively. The IMD3 after 
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20km transmission is increased by 18.4 dB. For the injection-locked state (Fig.  
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Figure 4-7. Numerical Simulation of fiber distortion- induced IMD3 for (a) 

free-running, and (b) injection-locked DFB-LD. For the injection- 

locked DFB-LD, frequency detuning ∆f is -13GHz and injection 
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ratio is -5dB. 
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Figure 4-8. Measured RF power spectra for the free-running FP-LD directly 

modulated by a two-tone RF signal (f1 = 2.6 GHz, f2 = 2.7GHz). 
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(a) 0km (b) 20km transmission 
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Figure 4-9. Measured RF power spectra for the injection- locked FP-LD 

directly modulated by a two-tone RF signal (f1 = 2.6 GHz, f2 = 
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2.7GHz). (a) 0km (b) 20km transmission 

4-9(a), (b)), IMD3 is –27.1 dBc at 0 km and –27.3 dBc at 20 km. On the 

contrary, in this case, IMD3 decreases by 0.2 dB. Fig. 4-10 shows optical 

spectra measured by Fabry-Perot interferometer for the free-running and 

injection- locked FP-LD directly modulated by a two-tone RF signal. Injection-

locked FP-LD has almost the same spectrum as shown Fig.4-4 for the 

injection-locked DFB-LD. 

   In Fig. 4-11(a), the received RF powers at the fundamental and IMP3 

frequencies are plotted for the free-running states. The received RF powers at 

the fundamental and IMP3 frequencies show a significant fluctuation, while 

the received RF powers of free-running DFB-LD decrease monotonously. The 

fluctuation shown by the free-running state is related to the modal dispersion 

of FP-LD [25]. Fig. 4-11(b) shows that the IMD3 variation for the free-

running FP-LD is severe due to the power fluctuation at the fundamental and 

IMP3 frequencies. On the contrary, in injection- locked FP-LD as shown in Fig 

4.12(a), powers at fundamental and IMP3 frequencies decrease almost at the 

same rate, and the IMD3 is bounded within about 2dB for the entire 

transmission range ( Fig. 4-12(b) ), which is quite comparable with that of the 

injection-locked DFB-LD.  

   In this section, the dispersion- induced IMD3 variations of directly 

modulated DFB- / FP-LD over fiber transmission are investigated and the 

IMD3 can be reduced by optical injection locking of both lasers. IMD3s for 

free-running semiconductor lasers are degraded due to the combined effect of 

the semiconductor laser nonlinearities and fiber dispersion. But, in the 

injection- locked case, semiconductor laser nonlinearities are suppressed, and 
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the influence of fiber dispersion can be much reduced. In our experiments,  
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Figure 4-10. Optical spectra measured by Fabry-Perot interferometer for the 

free-running and injection- locked FP-LD directly modulated by a 

two-tone RF signal (f1 = 2.6 GHz, f2 = 2.7GHz) 
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Figure 4-11. (a) Received RF power at f2 and 2f2-f1 versus fiber length       

(b) IMD3 versus fiber length for the free-running state. 
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Figure 4-12. (a) Received RF power at f2 and 2f2-f1 versus fiber length       

(b) IMD3 versus fiber length for the injection-locked state 
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16.3 dB reduction in IMD3 for DFB-LD and 21.64 dB reduction for FP-LD 

can be achieved with injection locking, and IMD3 variation was bounded 

within ~2 dB for up to 40km transmission as shown in Fig. 4-13(a) and (b).  
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Figure 4-13. Fiber dispersion–induced IMD3 reduction by optical injection 

locking. (a) DFB-LD (b) FP-LD 
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   V. Conclusion 
 
   The injection locking of semiconductor lasers can be used in many optical 

communication systems because it is a good method to improve semi-

conductor laser characteristics such as frequency chirping reduction, partition 

noise reduction, linewidth narrowing and relaxation oscillation frequency 

increase. The range for the stable locking regime can be determined by the 

stability analysis of the rate equation. Outside the locking region, no stationary 

solutions exist and the laser shows beat phenomena. Within the locking region, 

which is divided into dynamically unstable and stable region, locking 

phenomena can be occurred. In the unstable region, the SL exhibits the 

unstable locking characteristics such as pulsation close to the resonance 

frequency of the free-running laser. On the other hand, in the dynamically 

stable locking range, the laser is in a stable- locked state and the output power 

of the injection-locked SL laser is centralized at the frequency of the ML. 

   From the above locking characteristics, the effects of optical injection 

locking on the nonlinear distortions of a directly modulated DFB-LD are 

investigated by numerical simulations. IMD3 of the injection- locked DFB-LD 

can be much reduced due to the relaxation oscillation frequency increase and 

the resulting SFDR also be increased from 53 dB · MHz 2/3 to 56.5 dB · MHz 
2/3. Furthermore, the injection locking bandwidth of FP-LD is investigated, and 

the first experimental demonstration on the IMD3 suppression is made at the 

different injection target modes of FP-LD. The stable-injection locking 

bandwidth becomes larger as the increase of the ML injection power. At the 

same ML injection power, the maximum injection locking bandwidth is 
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achieved in a higher mode. For the injection- locked states into different 

injection target modes, experimental measurements of IMD3 reduction is 

performed. It is showed for the first time that the IMD3 reductions are 

achievable at any target mode injection locking. Consequently, choosing an 

appropriate injection target mode can enlarge stable locking bandwidth to ~ 32 

GHz , reduce the IMD3 by ~10 dB. 

   The fiber dispersion- induced IMD3 variations for the free-running and 

injection- locked DFB- / FP-LD are investigated, experimentally. When the 

semiconductor laser is directly modulated by RF signals, modulated optical 

signal is broadened mainly by laser frequency chirp. Harmonic and intermo-

dulation products are produced by the broadened optical signal, and vary 

during transmission by fiber dispersion and loss. This leads to IMD3 increase. 

On the other hand, the injection- locked semiconductor lasers have the 

improved laser dynamics such as the relaxation oscillation frequency increase 

and the reduced frequency chirping, and produce the smaller HPs and IMPs. 

Thus, at no transmission, the significant IMD3 reduction can be achieved, and 

the optical spectra under the direct modulation become narrower. Since the 

narrow optical spectra get less affected by the fiber chromatic dispersion, fiber 

dispersion- induced IMD3 of the injection- locked DFB-LD is not degraded 

over fiber transmission. Consequently, IMD3s for free-running semiconductor 

lasers are degraded due to the combined effect of the semiconductor laser 

nonlinearities and fiber dispersion. But, in the injection- locked case, 

semiconductor laser nonlinearities are suppressed, and the influence of fiber 

dispersion can be much reduced. 

   This thesis is mainly focused on the IMD3 reduction caused by semi-
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conductor laser nonlinearities and fiber dispersion. By employing optical 

injection locking technique, both the IMD3 of the optical light source and the 

dispersion- induced IMD3 over fiber transmission can be much reduced. In our 

experiments, 16.3 dB reduction in IMD3 for DFB-LD and 21.64 dB reduction 

for FP-LD can be achieved with injection locking, and IMD3 variation was 

bounded within ~2 dB for up to 40km. Theoretical and numerical analysis on 

the dispersion-induced IMD3 of FP-LD remains as future works.      
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 국 문 요 약 

 

Injection-locked 반도체 레이저를 이용한  
광섬유 링크에서의 비선형 왜곡 억제 

    

   직접 변조된 반도체 레이저를 사용한 Subcarrier multiplexed (SCM) 광통

신 시스템에서는 반도체 레이저의 비선형성과 광섬유의 색 분산으로 인하

여 harmonic 이나 intermodulation distortion 이 발생하게 되며 이러한 비선형 

왜곡은 SCM 광통신 시스템의 성능 저하를 초래한다. 이러한 비선형 왜곡

을 줄이는 방법으로 외부 광주입을 통해 광주입된 레이저를 locking 시키는 

injection locking 방법이 효과적인 것으로 연구되어 오고 있다. 

   본 논문에서는 레이저 rate equation 의 소신호 해석을 통해 injection-

locked 반도체 레이저의 locking 특성을 살펴보았으며 실험적으로 부모드에 

광주입된 Fabry-Perot laser diode (FP-LD)에서의 injection locking bandwidth 와 

third-order intermodulation distortion (IMD3)을 FP-LD 의 광주입 모드별로 살펴

보았다. FP-LD 의 injection locking bandwidth 와 IMD3 의 감소는 injection-

locked FP-LD 의 주입 모드별로 다르며 적절한 주입모드를 선택함으로써 더 

넓은 injection locking bandwidth 와 더 많은 IMD3 억제를 얻을 수 있음을 알

아내었다. 

   다음으로, 광섬유를 통해 신호가 전송될 경우의 IMD3 변화를 광주입이 

없는 free-running 레이저와 injection-locked 레이저에 대하여 실험과 해석을 

통하여 살펴보았다. free-running 레이저의 경우 IMD3 는 광섬유를 통한 전

송시 레이저의 비선형성과 광섬유의 색분산으로 인하여 증가하게 된다. 반

면, injection-locked 레이저는 relaxation oscillation frequency 의 증가와 감소된

frequency chirping 과 같은 레이저 dynamics 의 향상을 가지므로 free-running 
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레이저에 비하여 IMD3 가 크게 감소되며 광섬유를 통한 전송시에도 광섬

유의 색분산으로 인한 IMD3 의 증가를 크게 억제할 수 있음을 확인하였다. 
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optical injection locking 




