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국문요약 

 
 

Injection Locking 된 반도체 레이저의  

특성 및 응용 

 

   Injection locking 된 레이저의 특성, 변조 응답, 그리고 응용에 대해 

연구되었다. 이론적인 접근을 위해, 보편적인 rate-equations 에 외부의 

빛이 인가되었을 때의 영향을 고려하였다. Locking 조건은 정상상태 

해에서 구할 수 있다. 각 locking 조건에서의 locking 특성이 매우 다

름을 알 수 있다. 

   소신호 / 대신호 해석을 통해 optical injection locking (OIL)이 변조대

역폭을 향상 시킬 뿐만이 아니라, frequency chirp 을 매우 억제시킴을 

알 수 있다. 뿐만 아니라, 레이저의 FM 응답과 관련이 있는 frequency 

chirp 의 감소에 따라 multi-tone rf-변조시의 레이저의 비선형 왜곡을 

개선시킬 수 있다. 특히, two-tone rf-변조시의 injection locking 된 레이

저의 비선형 왜곡 개선은 실험적으로 검증되었다. 

   전송 모델 시스템에 대한 bit error rate 계산을 통해, OIL 이 전반적

인 시스템 성능에 미치는 영향을 조사하였다. 인가되는 빛의 양, 전송

거리, extinction ratio, 그리고 전송 속도 등에 대한 시스템 성능의 의존

성이 고려되었다. OIL 은 대용량 장거리 광통신 전송 시스템에서 장점

이 있음을 알 수 있다. 전송거리는 광섬유의 손실에만 제한을 받게 

된다. OIL 의 전송 성능 개선에 대한 실험적인 검증이 조만간 수행될 

예정이다. 

   OIL 에 의한 레이저의 비선형성 개선이 이론적 그리고 실험적으로 
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살펴보았다. 이런 비선형성 개선은 OIL 에 의한 레이저 특성의 향상 – 

변조 대역폭의 향상과 chirp 의 감소 – 에 기인하는 것으로 여겨진다. 

OIL 에 의한 inter-modulation product 의 감소는 광 analog 전송 시스템

에서 유용하다. OIL 에 의한 비선형성 감소의 정확한 원인을 규명하기 

위해, 앞으로의 연구가 진행될 예정이다. 

   마지막으로, strong optical injection 상태의 레이저의 고유한 특성을 

이용하는 새로운 광학적인 mm-wave 생성 방법을 제안하였다. 

Unstable-locking 영역의 레이저는 똑같은 주파수 차이를 갖는 다수의 

sideband 를 생성한다. 이 다수의 sideband 를 두개의 slave laser 로 인가

함으로써, 외부의 rf-source 가 없이도 광학적으로 µ- / mm- wave 를 생

성시킬 수 있게 된다. 또한 인가되는 빛의 양에 따라서 주파수 차이

를 제어할 수 있다. 
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I. Introduction 
   With the information and communication networks in common, the rapid 

increase in the demand of information requires the development of the ultra-fast 

communication links to cope with the large capacity of information in the ultra-

fast speed. Technologically advanced countries, such as USA, Japan, and EU, 

have been investigating implementation of ultra-fast optical communication 

links, and demonstrating large capacity communication links using the 

wavelength-division multiplexing (WDM) method. The high-speed laser diode 

(LD) plays a key role in the ultra-fast optical communication area, since the LD 

modulation speed mainly dominates the information transmission speed of the 

optical communication links. Therefore, there have been many researches for 

the increase of the LD modulation speed. 

   In the optical communication, the digital modulation, combination of ‘0’ 

and ‘1’, is widely used. Its simple and compact implementation is the direct 

modulation method. Recently, it is reported under direct modulation that a GaAs 

LD has its modulation bandwidth over 40 GHz [1] and a LD has the modulation 

bandwidth of 30 GHz in the range of 1.5 um wavelength as well [2]. However, 

the most ordinary commercial LD has the limited modulation bandwidth. In 

addition, the LD direct modulation produces the frequency chirp, broadens the 

optical pulse due to the fiber dispersion combined with the frequency chirp, and 

results in the degradation of long-haul fiber-optic transmission system. As one 

method of overcoming these limited modulation bandwidth and chirp properties, 

the optical injection locking (OIL) technique has been investigated. 

   As seen in Fig. 1, the injection locking method consists of two LD’s, where 

the light from one LD (master laser, ML) is injected into the other LD (slave 

laser, SL). It is possible to reduce the noise, suppress the mode hopping, and 

enhance the coherency. OIL reduces the frequency chirp, and enhances the 

modulation bandwidth three or four times more than the intrinsic modulation 
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bandwidth [3-6], when the laser with injection locking is directly modulated. In 

addition, the enhanced LD properties by OIL can contributes the fiber-optic 

transmission performance [7-8], as well as can be utilized in the optical repeater 

of WLL system, CATV, satellite communication, and optical mm-wave 

generation [9-12]. 

   In this paper, characteristics and applications of the semiconductor lasers 

under optical injection are investigated. First, Section II deals with locking 

properties, including the locking range, and transient / spectral responses under 

different locking conditions. From the steady-state analysis, the locking 

conditions are classified into three regimes – unlocking, unstable locking, and 

stable locking. The transient and spectral responses at each regime are 

distinctive. Second, Section III shows the modulation response of the laser with 

injection locking under direct modulation. In this section, the relation of 

modulation bandwidth and frequency chirp with the optical injection is 

discussed based on the small- / large- signal analyses. Moreover, it is found that 

the laser rf-modulation response is deeply related with the frequency chirp as 

well as the optical power. Finally, Section IV deals with the influence of the 

enhanced LD characteristics by OIL in the applications, including the fiber-

optic transmission, optical analog transmission, and optical generation of mm-

wave signals.  
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Slave 
Laser 

ƒSL 

Master 
Laser 

ƒML Pinj Pout 

Figure 1. Basic OIL configuration, where the CW light from ML is injected into SL. 
When SL is perfectly locked to ML, the SL lasing frequency, fSL, shifts 
itself to the ML lasing frequency, fML. 
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II. OIL Characteristics 
 

A. Locking Range 

   OIL configuration is made up of a master laser (ML) and a slave laser (SL) 

as shown in Fig. 1, where CW light from ML is injected into SL. Two lasers 

have a frequency offset of ∆ƒ, where ∆ƒ is defined as ƒML - ƒSL. The polarization 

problem between ML and SL is not taken into account for simplicity, but the 

polarization controller should be placed between them for the coupling 

efficiency in the experiment. Assuming DFB lasers with negligible sidemodes 

are used for both ML and SL, the SL under the influence of external light 

injection can be described by the following single-mode rate-equations [13],  
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In the above equations, Pin and ΦML represent the density and the phase of the 

injected photons and KC (= υg/2La) the coupling rate between ML and SL. Other 

parameters have the usual meanings. The numerical values for the parameters 

are obtained from [14] and listed in Table. 1. 

   From the steady-state analysis of the rate-equations, Fig. 2 shows locking 

regions from unlocking regions as function of ∆ƒ and R. Here, injection power 

ratio R is defined as Pinj / Pout, where Pinj is the injected optical power just 

outside the SL facet and Pout is SL output power. For the results shown in Fig. 2, 

SL output power is fixed at 2 mW. If the gain suppression and the spontaneous 

emission terms are ignored, the range of ∆ƒ that allows locking can be 

determined as [15],  

(2)

(3)

(1)
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Symbol Parameter Value

λ lasing wavelength 1550 nm

Γ confinement factor 0.4

nt transparent carrier density 1.0×1018 [cm-3]

τp photon lifetime 3.0×10-12 [sec]

τn carrier lifetime 1.0×10-9 [sec]

β spontaneous emission factor 3.0×10-5

υg group velocity 8.5×109 [cm/sec]

La cavity length 300×10-4 [cm]

g0 differential gain 12.75×10-7 [cm3/sec]

ε gain suppression factor 12.75×10-7 [cm-3]

Va volume of active layer 1.5×10-10 [cm3]

α linewidth enhancement factor 5

ηex LD differential quantum efficiency 0.4

D fiber dispersion 17 ps/km/nm

ηPD PD quantum efficiency 0.8

I0 dark current in PD 10×10-9 A

σ
T

2 thermal noise 9×10-15 A2

Table 1. Simulation parameter values of the laser  [14] 
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Figure 2. Characteristics of locking regimes. They are characterized into three regimes 
– unlocking, unstable locking, and stable locking. The shaded area inside the 
unstable locking regime denotes the place where the chaos occurs. The 
chaos area outside the locking regimes is not taken into account, here. 
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III. OIL Modulation Response 
   One advantage of semiconductor lasers is that they can be directly current-

modulated. Their modulation speed is limited by the intrinsic modulation 

bandwidth because the modulation efficiency drops sharply beyond the 

modulation bandwidth. Moreover, the direct modulation of the lasers leads to 

the frequency modulation (FM) as well as amplitude modulation (AM) 

simultaneously. From Eq. 2, one can find that the FM characteristics are directly 

related with the line-width enhancement factor, α, and make the laser lasing 

frequency shift during the modulation. This is the frequency chirp. The chirp is 

one important parameter to be considered carefully, since the laser chirp, 

combined with the fiber dispersion, broadens the optical pulse under modulation 

and acts as the limiting factor in the optical transmission system performance. 

One method for overcoming the limited modulation bandwidth as well as chirp 

problem is using the optical injection locking. This section deals with the 

modulation response and chirp features of the lasers with injection locking.  

 

A. Small-Signal Modulation 

   Through the small-signal analysis of Eq. 1~3, the third order system 

function of the laser with injection locking can be obtained, where as the free-

running laser has the second order system function [4]. The derivation method 

of the OIL system function is identical to those in [13]. Fig. 5-a shows the 

amplitude modulation responses over modulation frequency for the free-running 

laser as well as the lasers with injection locking, when SL output power is 

assumed 2 mW. From Fig. 5-a, the resonance peak of the laser with injection 

locking (R = - 3 dB, ∆ƒ = 2 GHz) is considerably enhanced up to 11 GHz from 

the free-running value of 3 GHz. Fig. 5-a shows clearly that the modulation 

bandwidth can be enhanced with increasing R.  
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   Fig. 5-b shows the amplitude modulation response with varying ∆ƒ for the 

same R (= -3 dB). One can see that the upward shift of ML’s lasing frequency 

within the stable locking range can improve the modulation response. Therefore, 

the modulation characteristics of the lasers with injection locking can be 

described as functions of the injected power and frequency difference as in Fig. 

5. Fig. 6 shows the 3dB-modulation bandwidth normalized by the intrinsic one 

for three different injected powers (R = - 13, -6, and –3 dB) within each allowed 

stable locking range. From Fig. 6, one can expect the modulation bandwidth of 

more than 2.5× the intrinsic one with the proper control of the injected power 

and frequency difference. 

   The frequency chirp can be understood through a small-signal analysis as 

well. Because the frequency chirp is dependent upon the device emitting power, 

the chirp-to-power ratio (CPR) is adopted [16], where the frequency deviation 

or chirp is normalized with power as 

)(~
)(

~

ω
ωφω

p
CPR ≡  

The dependence of the frequency chirp on the power is discussed in more detail 

in Section III-C. In Eq. 5, )(~ ωp  and )(
~

ωφ are the intensity and phase 

modulation responses respectively, obtained from the small-signal analysis of 

Eq. 1~3. Fig. 7 shows CPR over modulation frequency for varying R (Fig. 7-a) 

and ∆ƒ (Fig. 7-b) when the laser output is again assumed 2 mW. From Fig. 7-a, 

one can see that the CPR of the lasers with injection locking can be improved 

by around 3 dB (R = -15 dB) to 11 dB (R = -3 dB), when modulated at 5 GHz. 

Even for the same amount of the injected power (R = -3 dB), Fig. 7-b shows 

that the CPR can be enhanced by 11 dB (∆ƒ ≈ 5.1 GHz) from 0.6 dB (∆ƒ ≈ -

51.7 GHz), through the proper tuning of ML lasing frequency. Therefore, 

similar to the bandwidth enhancement above, one should also understand the 

CPR improvement as functions of the injected power and the frequency 

(5) 
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Figure 5. The dependence of the amplitude modulation response on (a) injected 
power and (b) frequency offset. 
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Figure 6. OIL modulation bandwidth normalized by the intrinsic modulation 
bandwidth within the stable-locking region for different R’s. 
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Figure 7. The dependence of frequency chirp on (a) the injected power, and (b) 
the frequency offset. 
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difference, and can expect the large chirp reduction through the proper control of the 

locking conditions. 

   Although the modulation bandwidth enhancement and the chirp reduction 

are obtained numerically as seen in Fig. 5 ~ 7, their analytical expressions are 

still under study.  

 

B. Large-Signal Modulation 

   The small-signal analysis of the modulation response is very useful in 

predicting the laser performance, but is not valid for the modulation index of 

over 0.3 [17]. In order to see the modulation response for the modulation index 

over 0.3, one should solve the rate-equations, Eq. 1~3, numerically. The fourth 

order Runge-Kutta integration method is, here, used for the large-signal analysis. 

Fig. 8 shows the transient output power (solid line) and chirp (dotted line) for 

(a) free-running (no injection) and (b) injection-locked (R = -3 dB, ∆ƒ = -10 

GHz) lasers. The transmission speed is assumed at 2.5 Gbps in both cases. The 

bit sequence used for simulation is {1, 0, 1, 1, 1, 0, 0}. From Fig. 8, one can see 

that OIL can provide significant reduction in the lasing frequency chirp. From 

Eq. 2, the frequency chirp, δν , can be expressed as  
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This equation shows that the frequency chirp for a laser with an external light 

injection has contributions from the external light (braces) as well as the usual 

(6) 

(7) 
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dynamic (first term of brackets) and DC chirp (second and third terms of 

brackets). The equation without the light injection terms, Pin and ∆ƒ, is identical 

to the chirp expression of the free-running laser [17]. It is easy to see from the 

second term in the braces of Eq. 7 that δν can be reduced by the introduction of 

external light. Another contribution for chirp reduction comes from the 

reduction of carrier density with the external light injection. This point becomes 

clear from the steady-state solution for the carrier density as given below: 

( ) 






 Γ
+−Γ












Φ−Φ−+−Γ=

P
Pg

P

P
KnPgN

n
ML

in
Cpt τ

β
ετε )1(cos2/1)1( 00  

in which the steady-state carrier density is reduced with 
inP . 

   The free-running laser shows the combined effect of the dynamic and DC 

chirps as seen in Fig. 8-a. The laser lasing frequency shifts instantaneously up 

toward the high-frequency (blue) and down toward the low-frequency (red) near 

the up- and down-edges of the optical pulses. Moreover, there exists a large 

lasing frequency difference between on and off states. For the injection-locked 

laser, however, the DC frequency difference between on and off states is not 

observed. Due to the suppression of chirp, the laser with injection locking 

generates less optical sidebands during the direct current-modulation. Hence, 

the free-running laser shows the multi-longitudinal-mode spectral envelope, but 

injection-locked SL shows the single-longitudinal-mode spectral envelope with 

sufficient side-mode suppression [7, 8, 18], when the lasers are directly 

modulated. 

    

C. Rf-Modulation Properties 

   The rf-modulation of the semiconductor lasers (Fig. 9) provides not only 

amplitude (or, intensity) modulation (AM), but also frequency modulation (FM) 

simultaneously. To relate AM with FM, the frequency deviations over 

(8) 
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Figure 8. The transient solutions of the rate equations for (a) free-running, 
and (b) injection-locked (R = -3 dB) lasers, where the modulation 
bit rate and extinction ratio are 2.5 Gbps and 7, respectively. The 
solid lines represent optical powers, and dotted lines frequency 
chirps. 

(a) (a) 

(b) 
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modulation frequency are examined in Fig. 10 with varying the biasing 

conditions. The derivation method of the maximum frequency deviation is 

identical to those in [17]. From its derivation, one can see that it is directly 

proportional to the linewidth enhancement factor, α. Fig. 10 shows the increase 

of the resonance frequency and the decrease of the maximum frequency 

deviations, when increasing the biasing point and emitting power. Therefore, the 

frequency deviation (or, chirp) has the power-dependency.  

   The spectral analysis of the laser under one-tone rf-modulation is also 

performed with varying the modulating current amplitude. The field of the laser 

under one-tone rf-modulation is expressed [19] by  

)]}()2cos(2[exp{)( 00 tttjEtE RF Φ++= πνβπν  

where ν0 is the laser lasing frequency, 
RFd ννβ /=  FM index, νRF modulation 

frequency, and Φ random phase fluctuations of the optical carrier. Eq. 9 can be 

decomposed into Fourier components,  

)](exp[)(2exp[)()( 0 tjtnjJtE
n

RFn Φ







+∝ ∑

∞

−∞=

ννπβ  

where Jn is the Bessel functions of the first kind of order n. The power spectrum 

of Eq. (10) is 
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where ⊗ indicates the convolution, and Sl(ν) the Lorentzian spectral lineshape 

of the laser emission.  

   Fig. 11 shows the spectra of the laser under rf-modulation with varying the 

peak-to-peak modulating current amplitude, Ip-p, when IDC = 1.5×Ith and νRF = 2 

GHz. Under modulation, the spectra is aymmetric and becomes broadened with 

with increasing Ip-p. One should also note that the fundamental spectral peak at 

ν0 can be suppressed by the control of Ip-p. The spectral broadening under 

(9) 

(10) 

(11) 
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modulation is combined with the fiber dispersion and broadens the optical pulse, 

resulting in the degradation of the overall optical transmission performance. 

One method of reducing the extent of the spectral broadening is using OIL 

technique, since OIL reduces the frequency chirp, as discussed above, and 

hence results in the suppression of the spectral broadening under modulation as 

well as the improvement in the system performance. The influence of OIL on 

the fiber-optic transmission performance is discussed in Section IV-A. 

   Moreover, the chirp reduction and suppression of the spectral broadening by 

OIL can be understood as the suppression of the nonliear properties, which is 

one major concern in the optical analog communication [20] and is also 

examined in Section IV-B. In the contrast, the sprectral broadening is very 

useful in the optical generation of µ- / mm- signals, when the FM sideband 

injection locking method is employed [12, 19, 21]. This is discussed in Section 

IV-C, as well. 
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Figure 9. Simulation block diagram for the laser under rf-modulation. IDC is the 
biasing current, Ip-p the peak-to-peak modulation current amplitude, and 
νRF the modulation frequency of the applying sinusoidal wave. 
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Figure 11. Optical spectra of the field of the laser with varying the modulating 
current amplitude, Ip-p. The laser is assumed to be biased at 1.5×Ith, 
where Ith = 33.5 mA, here. The laser output can be obtained by 
integrating the rate-equations. 
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IV. OIL Applications 
   The overall characteristics and modulation responses of the semiconductor 

lasers with injection locking have been examined. The OIL technique can be 

utilized in the various applications, since it improves the laser characteristics 

(i.e., modulation bandwidth enhancement, chirp / noise reduction, and 

suppression of nonlinear distortion). The purpose of this section is to relate the 

influence of optical injection with the system performance in applications.  

 

A. Fiber-Optic Transmission 

   Although the direct current modulation of semiconductor lasers is simple 

and compact, it is not suitable for high-capacity, long-distance fiber-optic 

transmission applications. It is because the lasing frequency chirp during the 

direct current modulation, coupled with the fiber dispersion, can cause severe 

system performance degradation. This degradation becomes more serious when 

the transmission speed increases. One method of overcoming this problem is 

using the optical injection locking (OIL) technique. Fiber-optic transmission 

experiments using an injection-locked semiconductor laser have been 

successfully demonstrated for transmitting 140 Mbps and 445.8 Mbps signals 

for 102 km and 170 km respectively [7-8], but no reports have been made that 

systematically investigate the influence of injection locking on the transmission 

performance. 

   This subsection deals with the characteristics of injection-locked 

semiconductor lasers and their influence on the transmission performance. A 

model fiber-optic transmission system used for our study is shown in Fig. 12. 

The system configuration and the analysis method are identical to those in [14] 

except for the following three points: 

1. The transmitting laser is injection-locked by an external laser. 
2. A p-i-n photo-detector is used instead of APD. 
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3. The truncated pulse train Gaussian approximation method for BER estimation 
is used instead of the truncated pulse train Gaussian quadrature rule method. 

 

The number of bits, M, interfering with decision process is taken 2, here. For 

the bit sequences, 22M+1, each probability of error is summed up and averaged 

out to produce the average BER. The decision time is determined at which the 

filtered current pattern for the bit sequence {00100} gives the maximum eye 

opening. The decision threshold is optimized for the best BER at that decision 

time. 

   For the numerical analysis, the SL average emitting power is limited at 3 

dBm in order to avoid undesired nonlinear effects in the fiber [22]. The 

frequency difference is also assumed - 10 GHz, which guarantees stable locking 

for both on- and off- states as long as R ≥ -13 dB. The applied current input in 

NRZ format is assumed to have the rising and falling times of 0.25⋅T, where 1/T 

is the modulation speed. The SL emitting optical power and phase can be 

obtained through the Runge-Kutta integration of the rate-equations, Eq. 1 ~ 3.  

   Fig. 13 shows the average BER curves for free-running (no injection) and 

injection-locked (R = -13 dB and –3 dB, ∆ƒ = -10 GHz) lasers at 2.5 Gbps, 

extinction ratio of 7 for 100 km of fiber. The extinction ratio, exγ , is defined as 

the ratio of on– state and off– state power. Clearly, OIL enhances the system 

performance. At BER of 10-9, injection-locked lasers have the receiver 

sensitivity of - 30.3 dBm with R = -3 dB and - 29.5 dBm with R = -13 dB, 

whereas the free-running laser has the receiver sensitivity of - 28.5 dBm. This 

attributes to chirp reduction in injection-locked lasers. 

   The combined effect of laser chirp and fiber dispersion is clearly illustrated 

in Fig. 14, where the dependence of the receiver sensitivity on the fiber-optic 

length up to 100 km is shown for 2.5 Gbps, and exγ  of 9. After 100km of fiber, 

free-running lasers have power penalty of 2.8 dB whereas injection-locked 

lasers have 0.1 dB for R = -3 dB. The laser with injection locking (R = - 3 dB, 
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∆ƒ = -10 GHz) is very insensitive to the fiber dispersion and can offer less 

power penalty. It is due to the reduced dynamic chirp by the strong damping as 

well as the reduced DC chirp by the less carrier density as discussed in Section 

III-B. 

   Fig. 15 shows the dependence of the receiver sensitivities on exγ  at 2.5 

Gbps for 100 km of fiber. As discussed in [14, 23], the ordinary free-running 

laser has an optimal exγ  due to a tradeoff between the large chirp at the high 

exγ  and the poor receiver sensitivity at the low exγ . However, the receiver 

sensitivity of lasers with injection locking (R = - 3 dB) improves with increasing 

exγ , and gets saturated to the receiver sensitivity of - 30.6 dBm, respectively, 

while the free-running laser has around - 28.5 dBm even at the optimal exγ .  

   The dependence of the receiver sensitivity on the transmission speed is 

shown in Fig. 16, where the fiber length and exγ are assumed 100 km and 9. 

The system performance gets severely degraded as the transmission speed 

increases. It is because the increased rate of output power change at higher 

modulation speeds causes more severe transient chirp. The performance of an 

injection-locked laser is, however, less dependent on the modulation speed. It 

results from the enhanced modulation bandwidth and reduced frequency chirp 

as discussed in Section III-A. From the numerical analysis, it is found that the 

free-running laser can be modulated up to 3 Gbps achieving BER’s of 10-9 or 

less, but injection-locked lasers can be modulated up to 8 Gbps for R = - 3 dB. 

   Therefore, optical injection locking technique can be advantageous for the 

high-capacity long-span fiber-optic transmission system. When using optical 

injection locking technique, the transmission span is limited only by fiber loss. 

Future works will focus on the experimental implementation of strong optical 

injection locking to prove the transmission performance enhancement. 
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Figure 12. Schematic of numerical simulation, The applied current into SL is in 
NRZ modulation format with the rising time of 0.25/T, where 1/T is the 
modulation speed. The solid line represents the optical path and the 
dotted one the electrical path. Optical fibers is modeled as a filter. The 
receiver filter is assumed Gaussian. 
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Figure 13. BER curves for the free-running (no injection) and injection-locked (R = 
-13 dB and –3 dB) lasers, transmitted at 2.5 Gbps. The extinction ratio 
and fiber-optic length are 7 and 100 km, respectively. 
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Figure 14. Dependence of the receiver sensitivity on the fiber-optic length, 
transmitted at 2.5 Gbps with the extinction ratio of 9. In the computer 
simulation, the power penalties due to the fiber dispersion are 2.8 dB 
(free-running, square), and 0.1 dB (R = -3 dB, circle). 
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Figure 15. Dependence of the receiver sensitivity on the extinction ratio, 
transmitted at 2.5 Gbps after fiber-optic length of 100 km. The free-
running laser has the optimal extinction ratio of 6. The injection-locked 
lasers can offer the better receiver sensitivities at the large extinction 
ratios. The value of dispersion parameter used in the simulation is 17 
ps/nm/km. 
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Figure 16. Dependence of receiver sensitivity on transmission speed. When the 
transmission speed of the free-running laser is limited to 3 Gbps, the 
lasers with injection locking (R = -3 dB) can be transmitted up to 8 
Gbps. This results from the enhanced modulation bandwidth in presence 
of optical injection as seen in Fig. 5. 
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B. Optical Analog Transmission 

   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 (LD) is used for transmitting signals multiplexed by RF-range sub-

carriers. Consequently, the LD non-linearity becomes a key issue in the system 

performance because it can impose signal distortions by inter-channel 

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

distance [20, 24]. 

   In this subsection, the numerical analysis of injection-locked lasers is 

performed to show that OIL improves LD non-linear characteristics and 

experimentally confirm it. It is believed that this confirmation is done for the 

first time. The basic block diagram for the experiment setup is illustrated in Fig. 

17. The numerical analysis of injection-locked lasers is based on Lang’s 

equations [25] in which the laser nonlinear characteristics are described with the 

gain suppression term in the rate equations. The simulation parameters are 

obtained from [14]. For the simulation, two rf-sources (ƒ1 = 2.5 GHz and ƒ2 = 

2.7 GHz) with the same amplitude (Irf) are used in order to directly modulate the 

SL. The SL output spectrum is obtained by fast-Fourier-transforming the output 

power of SL laser calculated by the Runge-Kutta integration of Lang’s 

equations. 

Fig. 18 shows the amplitudes for fundamental and harmonic components of LD 

output spectra as function of Irf for (a) free-running (no optical injection) and (b) 

injection-locked (R = -7.9 dB, ∆ƒ = -15 GHz) lasers. The second inter-

modulation products (IMPs) at ƒ1+ƒ2 and 2ƒ1, and third IMP at 2ƒ2-ƒ1 are 

smaller for injection-locked LD than for free-running LD. The slight difference 

in the amplitude of the fundamental term (ƒ1) is due to the change in LD 

dynamic characteristics caused by injection locking. This is shown in Fig. 19 
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where the amplitudes of several frequency components are compared for the 

free-running and OIL cases. It is found from Fig. 19 that the external optical 

injection suppresses the third-order IMP, 2ƒ2-ƒ1, by 6~25 dB within the range of 

2~4 GHz. 

Fig. 20 shows the experimentally measured spectral amplitudes at ƒ1, ƒ1+ƒ2, 2ƒ1, 

and 2ƒ2-ƒ1 for varying RF currents (ƒ1 = 2.5 GHz, and ƒ1 = 2.7 GHz). For the 

measurement, an external-cavity tunable LD is used for ML and a DFB-LD 

(Samsung SDL24-B1-3) without isolator is used for SL. SL is dc-biased at 2×Ith 

(Ith = 7 mA). The input current loss has not yet been quantified due to 

impedance mismatching. Fig. 20 illustrates LD non-linearity improvement of 

OIL (estimated R = -3 dB, ∆λ = 0.078 nm) over free-running case. As the 

applied current is increased, the spectral amplitudes of the free-running laser get 

saturated because, it is believed, over-modulation clips LD output. In the 

meanwhile, OIL amplitudes over the same current modulation do not saturate 

itself. It is believed that this is related with the decrease of LD threshold current 

with the injection locking [26].  

Fig. 21 shows the measured rf-spectra for Irf of 5 dBm. The OIL fundamental 

modulation product and third IMPs are smaller than free-running ones as 

expected from the numerical results. Theoretical and experimental results are in 

the qualitative agreement although the parameters used in the simulation do not 

reflect the parameters for the LD used in the experiment. 

Therefore, the IMP suppression with OIL can find useful applications in optical 

analog transmission systems. Future works are in progress in order to identify 

the exact cause for non-linearity reduction with optical injection. 

 

C. Optical Generation of mm- wave signals 

   The optical generation of mm-wave signals has been attracting much 

interest, due to the frequency bandwidth shortage problem of existing systems 
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Figure 17. Basic block diagram for the experiment. The external cavity tunable 
laser and DFB-LD are used for ML and SL, respectively. PC denotes 
polarization controller, FC fiber coupler, OSA optical spectrum analyzer, 
PD high-speed photodiode, PD Amp PD amplifier (Gain = 10 dB), and 
SA spectrum analyzer. The arrow indicates optical isolator (Samsung 
ISO-A115NO). 
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Figure 18. Simulated spectral amplitudes at ƒ1, ƒ1+ƒ2, 2ƒ1, and 2ƒ2-ƒ1 for (a) free-
running (no optical injection) and (b) injection-locked (R = -7.9 dB, ∆ƒ
= -15 Ghz) lasers (ƒ1 = 2.5 GHz and ƒ2 = 2.7 GHz). 
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Figure 19. Simulated modulation frequency responses at ƒ1 and 2ƒ2 - ƒ1 for free-
running and injection-locked lasers (ƒ2 = ƒ1+200MHz, Irf = 1mA). 
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Figure 20. Measured spectral amplitudes of fundamental modulation, and second / 
third inter-modulation products for (a) free-running and (b) injection-
locked (R = -3 dB, ∆ƒ = -9.75 GHz) lasers (ƒ1 = 2.5GHz, and ƒ2 = 2.7 
GHz). 
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and the urgent need for the high-speed data transmission. The optical generation 

method can achieve the wide frequency range of carrier signals easily, and is 

capable of the extremely low loss transmission through the fiber-optic links. 

Some applications for this method that has been proposed include [20]: 

• satellite communications 
- antenna remoting and remote operation of satellite earth stations 

• mobile radio communication networks 
• dropwire replacement by radio 
• braodband access by radio 
• Multipoint Video Distribution Services (MVDS) 
• Mobile Broadband System (MBS) 
• vehicle communications and control 
• radio LANs over optical networks 

 

Using the FM sideband injection locking method, Goldberg [19, 21] 

demonstrated the generation of signals of 10.5 GHz with an electrical linewidth 

of less than 10 Hz. The basic configuration is illustrated in Fig.22. As discussed 

in Section III-C, the laser (master laser, ML) under rf-modulation generates the 

multiple optical sidebands equally spaced with electrical modulating frequency, 

νRF, and its light is injected into another lasers (slave laser, SL). When SL1 and 

SL2 are injection-locked to the m-th and k-th sidebands, they suppress the other 

sidebands and can be described by 

[ ]
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The outputs of SL1 and SL2 is photo-detected and beat each other in the photo-

diode (PD), generating the beating current, 2

21)( EEti +∝ , by 

[ ]tmkPPPPti RFPD πνη 2)cos(2)( 2121 −++=  

where ηPD is the PD responsitivity, and P1 and P2 are the powers incident on PD 

from SL1 and SL2. This method is not only dependent on the laser FM response, 

but also requires an electrical rf-source. Therefore, a technique that does not 

(12) 

(13) 
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require external rf-source would be highly desirable. Realizing such an OIL 

system is the goal of this subsection.  

   Recent studies on OIL have found that the modulation bandwidth of a 

semiconductor laser can be significantly enhanced under the strong optical 

injection [3-6]. However, the locking properties under the strong optical 

injection have not been fully analyzed outside the dynamically stable locking 

range, where such effects as undamped relaxation oscillation and chaos can 

occur. The analysis of the spectral characteristics of semiconductor lasers under 

strong optical injection is discussed earlier in Section II-B. It is found that the 

generation of multiple optical sidebands having large frequency separation is 

possible. Feeding these sidebands into two SL’s, as shown in Fig. 23, it is 

possible to generate optical µ-/mm-waves without using any external RF source. 

As an example, Fig. 24 shows the optical spectra under two different operation 

conditions outside the dynamically stable locking range. The frequency 

separations are 7.25 GHz (Fig. 24-a) and 12.6 GHz (Fig. 24-b). If SL2 and SL3 

are injection-locked to the ± 4-th sidebands of SL1 output, as indicated by 

arrows in Fig. 24-a and -b, the beat frequencies of 58 GHz and 100.8 GHz can 

be achievable. In addition, the frequency separation can be controlled by the 

proper adjustment of the injected power, as shown in Fig. 25. Future works are 

in progress in order to demonstrate this technique and stabilize the beat 

frequency. 
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Figure 23. Calculated power spectra of the injection-locked lasers in the unstable-
locking regime of Fig. 2: (a) R = -10 dB and ∆ƒ = -5 GHz, and (b) R = -5 
dB and ∆ƒ = 5 GHz.  
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Figure 24. The sideband separation, ∆ν, as a function of R along the boundary 
(shown as dashed line) in Fig. 2.  
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V. Summary 
   The characteristics, modulation responses, and applications of the 

semiconductor laser with injection locking have been investigated. From the 

steady-state solution of the rate-equations under external optical injection, the 

locking range can be understood as functions of the injected power and the 

frequency difference. The locking characteristics are quite different at different 

locking conditions. In the dynamically stable region, only the MS mode shows 

up. In the unlocking region, either the SL mode show up dominantly or both SL 

and MS modes as well as their four-wave mixing conjugates appear depending 

on the injected power and frequency offset. In the dynamically unstable region, 

the spectrum can be chaotic or several sidebands separated by equal frequency 

can show up again depending on the injected power and frequency offset.  The 

sidebands in dynamically unstable region can be quite useful for generating 

optical microwave signals as they can be injected to additional two SL’s and 

lock them, producing two coherent light signals separated by the desired 

frequency offset. 

   From the small-signal and large-signal analysis of the rate-equations, it is 

found that the optical injection locking can not only enhance the modulation 

bandwidth, but also reduce the frequency chirp significantly. In addition, the 

reduction of the frequency chirp, related with the laser FM response, results in 

the improvement of the nonlinear distortion of the laser under multi-tone rf-

modulation. In particular, the nonlinearity improvement of laser with injection 

locking under two-tone rf-modulation has been experimentally demonstrated.  

   To relate the influence of the enhanced laser characteristics by OIL with the 

overall system performance, the dependence of system performance on injected 

power, transmission length, extinction ratio, and transmission speed is 

investigated. It is found that optical injection locking technique can be 

advantageous for the high-capacity long-span fiber-optic transmission system. 
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When using optical injection locking technique, the transmission span is limited 

only by fiber loss. The experimental implementation of strong optical injection 

locking will be made in near future in order to prove the transmission 

performance enhancement. 

   As discussed earlier, due to the significant chirp reduction under strong 

optical injection, it is also found that the IMP suppression with OIL can find 

useful applications in optical analog transmission systems. And, future works 

are in progress in order to identify the exact cause for non-linearity reduction 

with optical injection. 

   The new optical mm-wave generation method is proposed, using the 

intrinsic characteristic of the laser under strong optical injection. In the unstable 

locking conditions, the laser generates the multiple optical sidebands separated 

by equal frequency. Feeding these sidebands into two SL, it is possible to 

generate optical µ/mm-waves without using any external RF source. In addition, 

the frequency separation can be controlled by the adjustment of the injected 

power.  

 

   This paper is mainly focused on the theoretical investigation of optical 

injection locking. This technique can be extended to the various applications - 

optical switching, optical frequency stabilization, noise suppression and so on. 

The theoretical extension and experimental implementation remain as future 

works. 
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Abstract 

 

The Characteristics and Applications of the 
Semiconductor Lasers with Injection Locking 

 

 

   The characteristics, modulation responses and applications of the 

semiconductor laser with injection locking have been investigated. For the 

theoretical analysis, the well-known rate-equations under the external optical 

injection are used. The locking conditions are obtained through the steady-state 

solution of the rate-equations. The locking characteristics are distinctively 

different at different locking conditions.  

   The small- / large- signal analysis of the equations shows that the optical 

injection locking (OIL) can not only enhance the modulation bandwidth, but 

also reduce the frequency chirp significantly. In addition, the reduction of the 

frequency chirp, related with the laser FM response, results in the improvement 

of the nonlinear distortion of the laser under multi-tone rf-modulation. In 

particular, the nonlinearity improvement of the lasers with injection locking 

under two-tone rf-modulation has been experimentally confirmed.  

   The influence of the enhanced laser characteristics by OIL with the overall 

system performance is investigated through the estimation of the bit error rate 

for a model transmission system. The dependence of the system performance on 

injected power, transmission length, extinction ratio, and transmission speed is 

taken into account. It is found that OIL technique can be advantageous for the 

high-capacity long-span fiber-optic transmission system. Its transmission span 

is limited only by fiber loss. The experimental implementation of strong optical 

injection locking will be made in near future in order to prove the transmission 

performance enhancement. 
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   The nonlinearity improvement of the laser by OIL is examined theoretically 

as well as experimentally. It is believed due to the enhanced laser characteristics 

by OIL (i.e, modulation bandwidth enhancement and chirp reduction). It is 

found that the IMP suppression with OIL will be useful in optical analog 

transmission systems. And, future works are in progress in order to identify the 

exact cause for non-linearity reduction with optical injection. 

   Finally, the new optical mm-wave generation method is proposed, using the 

intrinsic characteristic of the laser under strong optical injection. In the 

unstable-locking conditions, the laser generates the multiple optical sidebands 

separated by the equal frequency. Feeding these sidebands into two slave lasers, 

it is possible to generate optical µ- / mm- waves without using any external RF 

source. In addition, the frequency separation can be controlled by the 

adjustment of the injected power.  
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