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Paper Summary 
We characterized the high frequency microwave signal 
generation using sideband injection locking in 
modulated Fabry-Pérot laser diodes. We studied the 
injection locking ranges and the dependence of 
modulation signal waveforms. 

Introduction 
Microwave frequency signal generation in the optical 
domain is an attractive solution to reduce complexity and 
cost when compared to that in the electric domain [1-2]. 
Recently, microwave signal generation with sideband 
injection locking of a Fabry-Pérot laser diode (FP-LD) 
has been realized experimentally [3]. The sidebands are 
generated by modulating the bias current of the FP-LD, 
which is different from conventional sideband injection 
locking, in which the sidebands are generated from the 
modulation of the bias current of the master laser [4].  
Sideband injection locking of FP-LD is low cost, has low 
phase noise, and efficient bandwidth utilization. A detail 
study of sideband injection locking will allow 
performance optimization of microwave signal 
generation by this process. In this paper, we numerically 
study microwave signal generation with sideband 
injection locking using a transmission laser line model 
based commercial software package developed by 
VPIphotonicsTM [5]. We found that the locking range of 
the lower sideband of the injected light is much larger 
than that of the upper sideband of the same order. Thus 
injection locking by the lower sidebands is preferred in 
microwave frequency generation. We also found that the 
modulation format of the bias current of the FP-LD has a 
significant effect on the sideband injection locking range. 
Simulation results show that square wave modulation 
gives the largest sideband injection locking ranges. 
 
Operation Principle 
Fig. 1 shows the schematic of microwave signal 
generation with sideband injection locking. The bias 
current of the slave laser is modulated by an RF source.  
Sidebands of both the injected master laser light and the 
cavity modes of the slave laser are generated.  Fig. 2 
shows the main band and modulation sidebands of the 
injected light and a FP-LD cavity mode.  For simplicity, 
only the first order modulation sidebands are shown.  P0 
and FP0 are the main bands the injected master laser and 
slave laser light, respectively.  P+1 and P�1 are the first 
order upper and lower sidebands of the injected light 
laser respectively while FP+1 and FP�1 are the first order 
upper and lower sidebands of the FP-LD cavity mode, 

respectively.  In microwave frequency generation with 
the sideband injection locking, one of the sideband of the 
injected light, for example Pn where n=±1, ±2, …, 
injection-locks the cavity mode FP0 of the FP-LD. The 
other sidebands and cavity modes are then suppressed. 
The injection-locked cavity mode beats with the injected 
light P0 to generate the microwave signal at frequency 
nfm.  

 

  

 

 
 
The Injection Locking Ranges of the Sidebands P±1 of 
the injected light with the Main Band FP0

Because of the existence of the modulation sidebands, 
different combinations of injection locking are now 
possible, namely injection locking between the two main 
bands, a sideband and a main band, or two sidebands.  
Injection locking between the two main bands, i.e. P0 
and FP0, is not considered here because in this case the 
injected-locked FP-LD will emit a single wavelength 
only.  Hence there will not be any beating between the 
locked mode and injected light, and signal at the 
microwave frequency will not be generated.  Injection 
locking between two sidebands, i.e.  P±n and FP±m, where 
n and m are positive integers, are higher order effects. 
The powers of the sidebands are typically much weaker 
than the main bands.  In our simulation, we have not 

Fig. 2.  Modulation bands of a FP-LD cavity mode and the
injected light. P0 and FP0 are the main bands the injected
master laser and slave laser light, respectively.  P+1 and P-1 are
the first order upper and lower sidebands of the injected laser
light respectively while FP+1 and FP-1 are the first order upper
and lower sidebands of the FP-LD cavity mode, respectively.
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Fig. 1.  Schematic of microwave frequency generation. LD:
laser diode. RF: radio frequency. The frequencies fmaster, fslave,
and fm are the frequencies of the master laser, slave laser, and
RF modulation, respectively. 
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observed sideband-sideband injection locking even for 
the case of n=m=1.  There are two types of injection 
locking between a sideband and a main band.  The first 
type is injection locking of a sideband of the FP-LD 
cavity mode by the main band of the injected light, i.e. 
injection locking of FP±n by P0, where n is a positive 
integer.   Injection locking of this type has not been 
observed numerically even for the first order sideband 
(n=1) and zero detune between FP±1 and P0.  Thus, the 
FP-LD cannot be made to lase in two different 
wavelengths, the injection locked FP±n and FP0, or a 
single wavelength at FP±n.  Note that the operation 
parameters are carefully chosen such that FP0 does not 
fall within the injection locking range of P0.  The second 
type of sideband-main band injection locking is injection 
locking of the main band of the FP-LD cavity mode by a 
sideband of injected light, i.e. injection locking of FP0 by 
P±n, where n is a positive integer.   We found that the FP-
LD can be injection locked and the beating between P0 
and the injection locked FP0 gives the required signal at 
microwave frequency.  In the following, we will focus 
on this type of sideband-main band injection locking.   
 
Sideband Injection Locking Ranges 
Fig. 3 shows the simulation results of the injection 
locking of P±1, P±2, P0 with FP0. The total input power of 
the injection light is 0.8 mW. The bias current I0 is 
modulated by a sinusoidal waveform as shown in (1), 
with I0 is 3.5 times of the threshold bias current Ith and Ith 
is 17 mA. The modulation depth of the bias current I�  
is 2/3 I0 and the modulation frequency fm is 20 GHz. 
With this choice of parameters, the sideband P±1 and P±2, 
and the main band P0 could injection-lock the FP0. We 
note that the injection locking range of the main band as 
well as each individual sideband is asymmetric, similar 
to that in single beam injection locking.   
            � � � �0 sin 2bias mI t I I f t�� � �                     (1) 
 We also note that for the same order of sideband, the 
locking range of the lower sideband P�n is much larger 
than that of the upper side band Pn. From Fig. 3, the 
locking range of P�1 is 1.75 GHz, while the locking 
range of P+1 is only 0.5 GHz. The difference is likely due 
to the different location of the main band P0 [6]. When 
P+1 injection-locks FP0, P0 is located in the red (lower 
frequency) side of P�1.  P0 is therefore far away from FP0 
such that it has little effect on the injection locking of the 
P+1.  However, when P�1 injection-locks the FP0, P0 is in 
the blue (higher frequency) side of P�1 and is much 
closer to the FP0 such that it assists the injection locking 
of P�1 by lowering the injection locking threshold of P�1. 
Hence the locking range of P�1 is broadened.  To 
demonstrate the effect of P0 in the sideband injection 
locking, we consider two beam injection locking of a 
cavity mode of FP-LD.  Fig. 4 shows the configurations 
of injection locking of a FP-LD cavity mode FP0 by Px 
where x=±1 in the presence of another injected beam P0.  
Fig. 4a corresponds to single beam injection locking by 
P±1 without P0. Fig. 4b and 4c correspond to sideband 

injection locking of FP0 by P+1 and P�1 respectively as in 
the case of Fig. 3.  The input powers of the two 
independent injection beams P0 and Px are 1 mW and 0.1 
mW respectively, and the parameters for the FP-LD is 
the same as that used in Fig. 3, except that the 
modulation of the bias current of the FP-LD is turned off. 
The separation between P0 and Px is kept at fm as the 
detune of the injection frequency of Px is varied to 
determine its locking range. Fig. 5 shows the simulation 
results. We note that the locking range when P0 is in the 
red side of FP0 (Fig. 4b) is similar to that without P0 (Fig. 
4a).   However, the locking range when P0 is in the blue 
side of FP0 (Fig. 4b) is much larger than that when P0 is 
in the red side of FP0.  The reason is that when P0 is 
sufficiently close to FP0, it interacts with the carrier of 
FP0 and lowers the injection locking threshold of Px.  
Since during the injection locking of FP0 by P±1, P0 is 
much closer to FP0 in the case of P�1 than that in P+1, 
therefore for the same sideband order the injection 
locking range of the lower sideband of the injected light 
is much larger than that of the upper sideband. 
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Effect of the Bias Current Modulation Format on the 
Injection Locking Ranges 
The modulation format of the bias current is assumed to 
be sinusoidal so far. We have studied the sideband 
injection locking ranges with other modulation formats. 
Fig. 6 shows the modulation formats corresponding to 
sinusoidal, triangular, sawtooth, and square waveform in 
one period time T=1/fm.  Figs. 7 and 8 show the injection 
locking ranges of the first order sideband P�1 and P+1 
respectively for bias current modulated with the above 
four waveforms.   From Fig. 7, the locking range of P�1 
with square wave modulation is the largest at 2.4 GHz, 
while that with sawtooth wave is the smallest at 1.4 GHz.  
Fig. 8 shows that the locking range of P+1 with square 
wave modulation is the largest at 1.3 GHz, while that 
with sawtooth waveform cannot even injection lock FP0 
at all.  Table 1 summarizes the injection locking range of 
the main band and the first order sidebands.    
 

Fig. 3. The locking ranges of injection locking of FP0  by the
main band of injected light P0, and the sidebands P±1 and P±2.
The modulation frequency fm = 20 GHz. 
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Conclusions 
In conclusion, we have numerically studied microwave 
signal generation with sideband injection locking of a 
Fabry-Pérot laser diode. Simulation results show that the 
modulation sideband of the injected laser light is able to 
injection lock the main band of a FP-LD cavity mode.  
We found that the locking range of the lower sideband of 
the injected light is much larger than that of the upper 
sideband of the same sideband order. Thus lower 
sideband injection locking is preferred in microwave 
generation application.  We also found that the 
modulation formats of the bias current of the FP-LD has 
a significant effect on the sideband injection locking 

range. Simulation results show that the square waveform  
gives the largest sideband injection locking ranges. 
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Table 1. The sideband locking ranges (Unit: GHz) 
 Saw Tooth Sinusoidal Square Triangular 

P-1 1.4 2.0 2.4 2.1 
P0 15.6 15.6 15.1 15.5 
P+1 - 0.5 1.3 0.3 
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Fig. 6. The four modulation formats: sinusoidal (black solid
curve), triangular (red dashed cuve), sawtooth (blue dotted
curve), and square (green dash-dotted curve)  waveform. 

Fig. 5. The locking ranges of Px corresponding to the case (a),
(b) and (c) in Fig. 4. 

Fig. 4. Injection locking of FP0 by Px in the presence of P0. (a)
Without P0, (b) P0 in the red side of Px, and (c) P0 in the blue
side of Px.  fm  is the frequency separation between P0 and Px. 
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Fig.8. The locking range of the P+1 when the bias current of
the FP-LD is modulated by  the sawtooth, sinusodial, square
and triangular wave given in Fig. 6. 

Fig. 7. The locking range of P�1 when the bias current of the
FP-LD is modulated by the sawtooth, sinusodial, square and
triangular waveform given in Fig. 6. 
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