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Abstract: The generation of standard reference frequencies close to the ITU channels is essential for the 
calibration and maintenance of DWDM systems. This work describes a method to synthesize frequency 
references in the range from 187.1 to 205.1 THz (1462-1602 nm). The method is based on the generation of four 
equispaced frequencies (by four-wave mixing in a semiconductor amplifier) of which two are locked to 
absorption lines of the acetylene 12C2H2 (1511-1542 nm).  

1.- Introduction 
Wavelength-Division Multiplexing (WDM) demands standard frequency references along the spectral 
range of the C and L-bands (1510-1625 nm). The stabilization of lasers in the atomic or molecular 
transitions of some specific gases is an interesting method to generate reference frequencies in these 
transmission bands [1, 2 and 3], but due to the limitation in the number of absorption lines and suitable 
gas specimens, other procedures are necessary to complete the full frequency range. 

We developed a method to synthesize frequency references in the range from 187.1 to 205.1 
THz based on the generation of four equispaced frequencies of which two are locked to absorption 
lines of the acetylene 12C2H2. The novelty of this method is the employment of a semiconductor optical 
amplifier, SOA, instead of a fibre as a medium to generate the non-linear process. One of the 
advantages of this method is the unaffected mixing product by polarization since the active area of the 
SOA is too small to produce polarization mode dispersion. 

In this paper we show a theoretical and an experimental analysis of a method to generate 
additional references lines that extend the wavelength ranging define in [2, 3]. 

2.- Theoretical Analysis 
In the degenerate case of the four-wave mixing process, two frequencies (fi, fk) launched in a non-
linear medium generate two new waves at frequencies: 

kifwm fff −∗= 2        and  ikfwm fff −∗= 2   (1) 
If we can stabilize fi and fk in an adequately chosen absorption lines of our reference material, 

we can generate through this process a new two waves in frequency regions lying relatively far from 
the absorption bands of the selected reference material.  

In order to obtain an expression for the mixing product wave, Afwm, inside the SOA, we 
followed the development given by [4, 5 and 6] and by considering that the intensity of the mixing 
product is much lower than the intensity of the probe and the pump at output, we found that 
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where α is Henry’s linewidth enhancement factor, G is the saturated gain at position z, A*
2(0) is the 

probe amplitude at z = 0 and   G , Fα, are parameters defined in [6]. Figure 1 shows the comparison 
between the efficiency corresponding to the four-wave mixing product generated in a SOA obtained 
by (2) and the one obtained in a fibre optic with zero-dispersion at 1550 nm given by [2, 3]. As it is 
possible to see, the FWM generated in the SOA is more efficient than the one generated in the fibre 
since the SOA is a medium with an amplifier behaviour instead of absorbent like the fibre, a high non-
linearity and the distance inside the semiconductor is very small (~300-500 µm), so any interaction 
between the pump and the probe waves with cross polarizations can be produced as in the fibre case. 

3.- Experimental Results  
The experimental setup used is shown in Figure 3. With the two tuneable laser, TL1 and TL2 
(Photonetics Tunics-Plus, with a linewidth of 150 kHz) we could cover a frequency range from 182.9 
to 208.3 THz. Three polarization controls and a polarizer were introduced to assure parallel 
polarization between the injected waves at amplifier input. The bias current and the voltage supplied to 
the SOA OPA-20-N-C-FA (Kamelian) were I=250 mA and v = 5 V respectively. In order to lock both 



lasers to the absorption lines of the acetylene we modulated them in frequency with a sinusoidal signal 
of 0.1 V at 1 KHz. The peak to peak amplitude of this signal produces a change of 30 MHz in the 
frequency of the lasers. The signals emitted by the both lasers were detected by two detectors and two 
lock-in amplifiers. 

Figure1: Mixing product power  vs. frequency in an optical fibre and 
a SOA. 

Figure 2: Maximum mixing product power vs. optical frequency. 
Theoretical and experimental results.  

The acetylene 12C2H2 cell employed in this work was made and calibrated by the NIST (SMR 
2517a [8]). In order to avoid possible interferences between the signals detected by the lock-ins, the 
lasers were introduced in the absorption cell in opposite directions by an isolator. Figure 4b shows the 
P11 absorption line of the acetylene and its corresponding signal detected by the lock-in (Figure 4a).  
It is possible to see the change in the sign of the detected signal as the absorption line reaches its 
deepest point. The stabilization of the emission frequencies was carried out by the employment of the 
signal detected by the lock-in as frequency modulation feedback.  

 
Fig.3.-Experimental setup used 

We present two methods to generate frequency references. With the first method (Figure 5a) 
we generate frequency references in a range between 190.5 THz and 202.2 THz by locking the two 
injected lasers to the absorption lines. With the second method (Figure 5b) we generate frequency 
reference in a range between 186.5 THz y 206.2 THz by the stabilization of an injected laser and the 
Stokes or anti-Stokes wave respectively. We locked the FWM signal on the acetylene line absorption 
P25. In order to get an effective stabilization we  replaced the dotted box from Figure 2 by the design 
shown in Figure 6 since the mixing product power obtained with the previous design were not enough 
(~ -33 dBm ) to lock the signal. The new design consists in a tuneable fibre Bragg grating with a 
spectral width of 0.770 nm, a SOA BOA-1004 (Covega) and an isolator. This system amplifies (32 
dB bigger than the one obtained by the previous system) and filters every FWM signal before its 
stabilization.  



        

Figure 4: Acetylene absorption line P11 (b) and its corresponding 
signal detected by the lock- in (a) for a frequency modulation of  

30 MHz. 

        Figure 5: Representation of the frequencies generation by the   
first method (a) and the second method (b). 

We studied the product power generated. Figure 2 shows the theoretical (obtained by (2)) and 
experimental evolution of the product power. Initially, TL1 was locked on the absorption line R29 of 
the acetylene 12C2H2 centred in 198.310 THz while TL2 was sweeping the frequencies range from 
198.3 THz to 201.5 THz. The power of both laser TLS1 and TLS2 were fixed to P1=1.5mW and 
P2=5mW respectively. The next swept TL1 was locked on the absorption line P27 of the acetylene 
12C2H2 centred in 194.386 THz. TL2 was sweeping the frequencies range delimited by 194.4 THz and 
190.8.5 THz. As Figure 2 shows, it is possible to generate mixing product frequencies which power is 
over -50 dBm between 187.0 and 205 THz with our system.  
    

                                         

 

                   Figure 6:amplification and filtering system 

        

Figure 7. - Amplification and filtering system 

4.- Uncertainty 
The uncertainty of the frequencies generated depends on the uncertainty due to the absorption 

references (values given by NIST [7]), the width of the emission lines from the laser stabilized in the 
absorption lines of the acetylene and the stability of the process.  The calculation of the uncertainty is 
different depending on if the generation was carried out with the both lasers locked in the acetylene 
cell (first method) or a laser and the mixing (second method). The difference between both cases lies 
on the linewidth of the lasers that synthesize the new frequency. In the first case the linewidth is that 
one generated by the frequency modulation (30 MHz), while in the second case the linewidth is the 
result of the combination of the linewidth over the mixing (between 30 and 3*30 MHz, depending on 
the frequency modulation relative phase in the lasers). In our system has been observed experimentally 
that the enhancement of linewidth of the mixing is √2 *30 MHz.  
In our system has been observed experimentally that the enhancement of linewidth of the mixing is √2 
*30 MHz.  



5.- Application to ITU’s frequencies. 
It is possible the generation of 3080 new frequency references between 187.1 and 205.1 THz by using 
the 56 absorption lines of the acetylene 12C2H2 and the method of stabilization described in this work. 
The most interesting frequencies generated by the second method are those that approximate to ITU’s 
frequencies less than 0.1 GHz (Table I). The frequencies generated by the first method can be seen in 
[2, 3]. 

Table I.- Frequencies generated next to the ITU’s frequencies by the stabilization of one of the laser and the four-wave    
mixing product on 12C2H2 absorptions(k=1)  and its uncertainties. 

f1(GHz) f2 (GHz) ffwm (GHz) fITU(GHz) |ffwm-fITU| (GHz) ∆f1(GHz) ∆f2 (GHz) ∆ffwm(Gz) 
201705,43 198310,82 205100,04 205100 0,04 0,04 0,03 0,06 
200406,39 197912,85 202899,93 202900 0,07 0,04 0,03 0,06 
200122,03 197343,97 202900,08 202900 0,08 0,04 0,02 0,06 
198121,93 196343,92 199899,94 199900 0,06 0,04 0,02 0,06 
197732,42 196964,93 198499,91 198500 0,09 0,03 0,03 0,05 
197393,68 196487,34 198300,03 198300 0,03 0,03 0,04 0,06 
195393,69 196487,34 194300,03 194300 0,03 0,04 0,04 0,07 
194785,98 195971,98 193599,98 193600 0,02 0,04 0,03 0,06 
193619,81 195739,66 191499,96 191500 0,04 0,04 0,03 0,06 

6.- Conclusions  
We have described an easy method to synthesize new frequency references between 187.1 and 205.1 
THZ (1602-1462 nm). We have shown the possibility of the stabilization of a FWM signal in the 
acetylene absorption line P25 with a SNR (∆P in Figure 7) of 3 dB, the possibility of synthesizing 
frequencies with reference in the acetylene 12C2H2 spectrum between 187.1 and 205.1 THz and the 
utility of this method in the calibration of WDM’s system measurement based on the stabilization of 
two lasers in an acetylene reference cell and the process of four-wave mixing in a semiconductor 
optical amplifier. 
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