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Abstract

:

Under the conventional scheme to generate an optical frequency comb (OFC) using an electro-optic modulator (EOM), the frequency interval of the OFC is determined via the frequency of the fundamental tone of the radio frequency (RF) driving signals. In this work, we use two harmonics without the fundamental tone to drive two EOMs, where the frequency interval of the generated flat OFC is the frequency of the fundamental tone. The orders of the two harmonics are coprime. Specifically, one harmonic drives the first branch of the dual-parallel Mach–Zehnder modulator (DPMZM) only, and the other harmonic drives the phase modulator (PM). The flatness of the OFC is achieved by adjusting the amplitude and phase of the RF driving harmonics as well as the bias of the EOM. Both a simulation and an experiment were carried out to verify the effectiveness of the proposed scheme. When the second harmonic drives the DPMZM and the third harmonic drives the PM, an 11-comb line OFC is generated, where the flatness of the OFC was 0.63 dB and 0.65 dB under the simulation and experiment, respectively. When the third harmonic drives the DPMZM and the second harmonic drives the PM, a 13-comb line OFC is generated, where the flatness of the OFC was 0.62 dB and 0.95 dB under the simulation and experiment, respectively. We also investigate the performance of the generated OFC when one harmonic drives two branches of the DPMZM and the other harmonic drives the PM. The comparison of the OFCs’ performance demonstrates the effectiveness of the proposed scheme.
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1. Introduction


An optical frequency comb (OFC) is widely used in communication, signal processing, short pulse generation, and microwave photonics [1,2,3]. A flat OFC can be generated by using an electro-optic modulator (EOM), where the number of comb lines and flatness are the criteria used to evaluate the performance of the OFC [4,5,6,7,8,9,10,11,12]. The number of comb lines is determined by the modulation indices of the EOM. The larger the modulation indices the EOM provides, the higher the number of comb lines the OFC achieves. The flatness of the OFC is affected by the amplitude and phase of the radio frequency (RF) driving signal as well as the bias voltage of the EOM. Therefore, in order to generate a flat OFC with a large number of comb lines, the above parameters should be adjusted precisely and higher-order harmonics should also be applied to drive the EOMs.



A flat OFC can be generated by using one RF signal to drive one branch of a dual-parallel Mach–Zehnder modulator (DPMZM), where the number of comb lines was seven and the flatness was 1 dB in an experiment [13]. A flat OFC can also be generated when one RF signal drives both branches of the DPMZM. When the amplitude of the RF driving signal and the bias voltages are adjusted precisely, a seven-comb line OFC can be generated with a flatness of 0.6 dB [14]. In [15], one RF, one signal-drove intensity modulator (IM) and two phase modulators (PMs) in a cascade, where the phase of the RF signal was adjusted. Consequently, a 29-comb line OFC was generated, where the flatness was 1.5 dB.



Besides the approach of using one RF driving signal, multiple RF driving signals are used to generate a flat OFC with more comb lines. The fundamental tone and third harmonics were combined to drive one PM to generate a nine-comb line OFC with a flatness of 0.8 dB, where the phase of the third harmonic was adjusted [16]. A flat OFC was achieved when the fundamental tone and second harmonic drove two branches of the DPMZM. Consequently, a nine-comb line OFC was generated, where the flatness was within 3 dB [17]. The fundamental tone and second harmonic were superposed to drive an IM, where the phases of the two RF signals were adjusted precisely. The generated OFC had 11 comb lines and the flatness was within 1 dB [18]. A flat OFC with 15 comb lines and 0.65 dB flatness was generated in an experiment, when the fundamental tone, third harmonic, and fifth harmonic were superposed to drive two cascaded PMs [19]. When the superposed fundamental tone, second harmonic, and third harmonic drove DPMZM, a 13-comb line OFC was generated in an experiment, where the flatness was 0.58 dB [20].



In the literature so far, although multiple harmonics were used simultaneously to generate a flat OFC, the fundamental tone remained indispensable. This is because phase modulation is the fundamental process in electro-optic modulation, and the frequency interval of the OFC is determined by the lowest frequency component of all of the RF driving signals when the phase modulation is used under PM, IM, and even DPMZM.



In this work, we propose a new scheme to generate a flat OFC by using harmonics to drive cascaded EOMs without using the fundamental tone. More specifically, we use one harmonic to drive only one branch of the DPMZM and use the other harmonic to drive PM, where the frequencies of the two harmonics are not that of the fundamental tone. The frequency interval of the OFC is the frequency of the fundamental tone. By adjusting the amplitude and phase of the two harmonics as well as the bias voltages of the DPMZM, a flat OFC is generated. Both a simulation and an experiment were carried out. An 11-comb line OFC is generated, where the second harmonic drove the DPMZM and the third harmonic drove the PM. The flatness of the OFC was 0.63 dB and 0.65 dB under the simulation and experiment, respectively. A 13-comb line OFC was generated when the third harmonic drove the DPMZM and the second harmonic drove the PM. The flatness of the OFC was 0.62 dB and 0.95 dB under the simulation and experiment, respectively. To the best of our knowledge, this is the first work that demonstrates the feasibility of EOM-based OFC generation without using the fundamental tone.



The remainder of the paper is organized as follows. Section 2 describes the principle of the OFC generation without using the fundamental tone under cascaded DPMZM and PM. The simulation and experiment are presented in Section 3. In Section 4, we discuss the performance of the OFC by using other combined harmonics and under the scheme when one harmonic drives two branches of the DPMZM. The conclusion is summarized in Section 5.




2. Principle


Conventionally, the fundamental tone and harmonics are used to generate a flat OFC. The fundamental tone determines the frequency interval of the OFC, while the harmonics that drive the EOM are used to generate more comb lines and improve the flatness of the OFC. In this work, we would like to generate a flat OFC via cascaded DPMZM and PM without using the fundamental tone. As shown in Figure 1, the laser diode (LD) emits continuous-wave (CW) light    E in   t   , which is written as follows


   E in   t  =  E C  exp  j 2 π  f C  t + j  ϕ C   ,  



(1)




where   E C  ,   f C  , and   ϕ C   are the amplitude, frequency, and phase of the electrical field of the CW light, respectively.   ϕ C   is assumed to be zero, without loss of generality. The CW light is then sent to the DPMZM, which consists of two Mach–Zehnder modulator (MZMs).



The MZM in the first branch of the DPMZM is driven by a sinusoid whose frequency is m times that of the fundamental tone. The driving sinusoid is denoted by


   s m   t  =  E m  sin  2 π m  f 0  t +  ϕ m   ,  



(2)




where   E m   and   ϕ m   are the amplitude and phase of the mth driving sinusoid, respectively.   f 0   is the frequency of the fundamental tone. Consequently, the electrical field at the output of the MZM in the first branch of the DPMZM is


   E 1   t  =  1 2   E in   t   exp  j  β m     s m   t    E m   + j  ϕ 1     + exp  − j  β m     s m   t    E m     .  



(3)







   β m  =   E m   V π   π   is the modulation index of the phase modulation for the MZM in the first branch of the DPMZM, where   V π   is the half-wave voltage.    ϕ 1  =   V  bias 1    V π   π   is the phase shift for the MZM in the first branch due to the bias voltage   V  bias 1   . The expression in Equation (3) can be expanded by the Jacobi–Anger expression, which is given by [21]


  exp  j z sin θ  =  ∑  k = − ∞  ∞   J k   z  exp  j k θ  ,  



(4)




where    J k   ·    is the Bessel function of the first kind for order k. Therefore, Equation (3) can be written as


   E 1   t  =  1 2   E in   t   ∑  k = − ∞  ∞   J k    β m   exp  j k  2 π m  f 0  t +  ϕ m    ·  exp  j  ϕ 1   + exp  j k π   .  



(5)







Since the RF signal drives the MZM in the first branch of the DPMZM only, the electrical field at the output of the MZM in the second branch is


      E 2   t  =      1 2   E in   t   exp  j · 0 + j  ϕ 2   + exp  − j · 0         =     1 2   E in   t   exp  j  ϕ 2   + 1  ,     



(6)




where    ϕ 2  =   V  bias 2    V π   π   is the phase shift for MZM in the second branch due to the bias voltage   V  bias 2   . An additional phase shift    ϕ 3  =   V  bias 3    V π   π   is applied to the electrical field in the second branch, due to the bias voltage   V  bias 3   . The overall electrical field at the output of the DPMZM is


      E DPMZM   t  =      E 1   t  +  E 2   t  exp  j  ϕ 3         =     1 2   E in   t    ∑  k = − ∞  ∞   J k    β m   exp  j k  2 π m  f 0  t +  ϕ m                ·  exp  j  ϕ 1   + exp  j k π   +  exp  j  ϕ 2  + j  ϕ 3   + exp  j  ϕ 3     .     



(7)







The modulated light at the output of the DPMZM is then sent to the PM, which is driven by another sinusoid. This driving sinusoid has the same form as that shown in Equation (2), where the order of the harmonic is changed from m to n. Note that m and n are coprime. By applying the Jacobi–Anger expression, the electrical field at the output of PM is


      E  DPMZM − PM    t  =      E DPMZM   t  exp  j  β n     s n   t    E n          =     E DPMZM   t   ∑  ℓ = − ∞  ∞   J ℓ    β n   exp  j ℓ  2 π n  f 0  t +  ϕ n    ,     



(8)




where   E n   is the amplitude of the nth driving sinusoid and    β n  =   E n   V π   π   is the corresponding modulation index. Substituting Equation (7) into Equation (8), we have


      E  DPMZM − PM    t  =      1 2   E C  exp  j 2 π  f C  t + j  ϕ C             ·   ∑  k = − ∞  ∞   J k    β m   exp  j k  2 π m  f 0  t +  ϕ m               ·  exp  j  ϕ 1   + exp  j k π   +  exp  j  ϕ 2  + j  ϕ 3   + exp  j  ϕ 3              ·  ∑  ℓ = − ∞  ∞   J ℓ    β n   exp  j ℓ  2 π n  f 0  t +  ϕ n    .     



(9)







Taking the Fourier transform (FT) of Equation (9), the overall spectrum of the OFC under the scheme of Figure 1 is


       E ˜   DPMZM − PM    f  =      1 2   E C  exp  j  ϕ C   δ  f −  f C             ⊛   ∑  k = − ∞  ∞   J k    β m   exp  j k  ϕ m    exp  j  ϕ 1   + exp  j k π   ·            δ  f − k m  f 0   +  exp  j  ϕ 2  + j  ϕ 3   + exp  j  ϕ 3    δ  f            ⊛  ∑  ℓ = − ∞  ∞   J ℓ    β n   exp  j ℓ  ϕ n   δ  f − ℓ n  f 0         =     1 2   E C  exp  j  ϕ C     ∑  k = − ∞  ∞   ∑  ℓ = − ∞  ∞   J k    β m    J ℓ    β n   exp  j k  ϕ m   ·            exp  j ℓ  ϕ n    exp  j  ϕ 1   + exp  j k π   ·           δ  f −  f C  − k m  f 0  − ℓ n  f 0   +  ∑  ℓ = − ∞  ∞   J ℓ    β n   exp  j ℓ  ϕ n   ·             exp  j  ϕ 2  + j  ϕ 3   + exp  j  ϕ 3    δ  f −  f C  − ℓ n  f 0    ,     



(10)




where ⊛ represents convolution and   δ  ·    denotes the delta function. From Equations (7) and (8), we can see that the intervals among adjacent tones of the OFC are multiples of   m  f 0    under the modulation of the DPMZM and multiples of   n  f 0    under the modulation of PM, respectively.



The fundamental process of electro-optic modulation is phase modulation. When we use one RF signal to drive the PM, according to the Jacobi–Anger expansion, i.e., Equation (4), the OFC can be generated, where the repetition rate is the same as the frequency of the fundamental tone. The intensity modulation process of the MZM consists of the processes of two parallel phase modulations, and the modulation process of the DPMZM consists of the process of two parallel intensity modulations, i.e., four phase modulations. In this work, we use the mth harmonic to drive the DPMZM, where the repetition rate of the generated spectrum is the frequency of mth harmonic, i.e.,   m  f 0   . The frequency of each comb line of the OFC is denoted by    f C  + k m  f 0   , where   f C   is the carrier frequency and k is an arbitrary integer, as shown in the Jacobi–Anger expansion. Regarding the phase modulation process in the PM after the DPMZM, the nth harmonic drives the PM. Consequently, the phase modulation process occurs for each frequency component    f C  + k m  f 0    of the generated OFC at the output of the DPMZM, and the corresponding frequency component at the output of the PM is    f C  + k m  f 0  + ℓ n  f 0   , where ℓ is also an arbitrary integer. Once   k m + ℓ n   is   ± 1  , the repetition rate of the generated OFC is   f 0  , i.e., the fundamental tone, although we do not use the fundamental tone to drive either DPMZM or PM.



A flat OFC can be generated by precisely adjusting the parameters in Equation (10) including   β m  ,   β n  ,   ϕ m  ,   ϕ n  ,   ϕ 1  ,   ϕ 2  , and   ϕ 3  . The optimized parameters can be obtained by minimizing the power variance (in dBm) for all the tones of the OFC [19,20]


      minimize   β m  ,  β n  ,  ϕ m  ,  ϕ n  ,  ϕ 1  ,  ϕ 2  ,  ϕ 3        Var  10  log 10    |   E ˜   DPMZM − PM   |  2         subject  to     0 <  β m  ⩽ 1.5 ,  0 <  β n  ⩽ 1.5 ,  0 <  ϕ m  ⩽ 2 π ,  0 <  ϕ n  ⩽ 2 π ,        0 <  ϕ 1  ⩽ 2 π ,  0 <  ϕ 2  ⩽ 2 π ,  0 <  ϕ 3  ⩽ 2 π     



(11)




where Var represents the variance. Under the constraint of practical equipment, the modulation indices are not larger than 1.5.




3. Results


3.1. Simulation Results


We used the differential evolution (DE) algorithm to find the optimized parameters [22]. In the simulation, we set the number of generations, the population size, the mutation constant, and the crossover constant as 1000, 500, 0.5, and 0.1, respectively.



The specific implementation steps of the optimization process refer to [23].



We investigated the following cases to generate a flat OFC. In the first case, the second harmonic (12 GHz) and the third harmonic (18 GHz) drive the DPMZM and PM, respectively. In the second case, the third harmonic (18 GHz) and the second harmonic (12 GHz) drive the DPMZM and PM, respectively. In the third case, the second harmonic (12 GHz) and the fifth harmonic (30 GHz) drive the DPMZM and PM, respectively. The optimized parameters under the three cases are listed in Table 1.



The generated flat OFCs are shown in Figure 2 for the above three cases. We used the difference between the maximum and minimum power of N consecutive comb lines to define the flatness of the generated OFCs. For the first case, the generated OFC had 11 comb lines, where the flatness was 0.63 dB, as shown in Figure 2a. The maximum power of the 11-comb line OFC was −21.70 dBm on the eighth comb line and the minimum power was −22.33 dBm on the sixth comb line. For the second case, the generated OFC had 13 comb lines, where the flatness was 0.62 dB, as shown in Figure 2b. The maximum power of the 13-comb line OFC was −13.95 dBm on the eighth comb line and the minimum power was −14.57 dBm on the twelfth comb line. For the third case, the generated OFC had 11 comb lines, where the flatness was 0.10 dB, as shown in Figure 2c. The maximum power of the 11-comb line OFC was −26.17 dBm on the sixth comb line and the minimum power was −26.27 dBm on the ninth comb line.




3.2. Experimental Results


We carried out the experiment as follows to verify the effectiveness of the proposed scheme in generating a flat OFC; the experimental setup is shown in Figure 3. The LD (Han’s Raypro Sensing, China) emitted CW light with a 1550 nm wavelength and 16.2 dBm power, which was sent consecutively to the DPMZM (Fujitsu FTM7961EX, USA) and PM (iXblue MPZ-LN-40, France). The frequencies of the second and third harmonics that drove the EOMs were 12 GHz and 18 GHz, respectively, and were generated by HP 83732A, USA and Agilent E8257D, USA, respectively. The phase and amplitude of the driving harmonic were adjusted precisely using a phase shifter (PS) and an electrical amplifier. The performance of the generated OFC was observed using an optical spectrum analyzer (OSA) (Yokogawa AQ6370D, Japan) that has a resolution of 0.02 nm.



For the first case, 12 GHz and 18 GHz sinusoids drove the DPMZM and PM, respectively. The powers of the two sinusoids at the inputs of the two EOMs were both 20.2 dBm. The generated 11-comb line OFC is depicted in Figure 4a, where the flatness is 0.65 dB, the maximum power of the comb lines is −21.82 dBm on the eighth comb line, and the minimum power of the comb lines is −22.47 dBm on the sixth comb line. For the second case, 18 GHz and 12 GHz sinusoids drove the DPMZM and PM, respectively. The powers of the two sinusoids at the inputs of the two EOMs were 21.2 dBm and 21.0 dBm, respectively. The generated 13-comb line OFC is depicted in Figure 4b, where the flatness is 0.95 dB, the maximum power of the comb lines is −13.41 dBm on the sixth comb line, and the minimum power of comb lines is −14.36 dBm on the twelfth comb line. The well-matched profiles of the OFCs under the simulation and experiment verify the effectiveness of the proposed scheme shown in Figure 1. Note that due to the constraint of the electrical amplifier, the experiment the for third case was not carried out.





4. Discussion


In this section, we investigate the performance of the generated OFCs under the scheme in which one harmonic drives both branches rather than one branch of the DPMZM and the other harmonic drives the PM for the cases of the harmonic combinations shown in Figure 2.



We also validated the scheme that utilizes one harmonic to drive both branches of the DPMZM to generate the OFCs. The specific system block diagram is shown in Figure 5, and the overall spectrum of the OFC under the scheme of Figure 5 is


       E ˜   DPMZM - two - branches - PM    f  =      1 2   E C  exp  j  ϕ C   δ  f −  f C             ⊛   ∑   k 1  = − ∞  ∞   J  k 1     β  m , 1    exp  j  k 1   ϕ  m , 1     exp  j  ϕ 1   + exp  j  k 1  π   ·            δ  f −  k 1  m  f 0   +  ∑   k 2  = − ∞  ∞   J  k 2     β  m , 2    exp  j  k 2   ϕ  m , 2    ·            exp  j  ϕ 2  + j  ϕ 3   + exp  j  k 2  π + j  ϕ 3    δ  f −  k 2  m  f 0             ⊛  ∑  ℓ = − ∞  ∞   J ℓ    β n   exp  j ℓ  ϕ n   δ  f − ℓ n  f 0         =     1 2   E C  exp  j  ϕ C     ∑   k 1  = − ∞  ∞   ∑  ℓ = − ∞  ∞   J  k 1     β  m , 1     J ℓ    β n   exp  j  k 1   ϕ  m , 1    ·            exp  j ℓ  ϕ n    exp  j  ϕ 1   + exp  j  k 1  π   ·           δ  f −  f C  −  k 1  m  f 0  − ℓ n  f 0   +  ∑   k 2  = − ∞  ∞   ∑  ℓ = − ∞  ∞   J  k 2     β  m , 2     J ℓ    β n   ·           exp  j  k 2   ϕ  m , 2    exp  j ℓ  ϕ n    exp  j  ϕ 2  + j  ϕ 3   + exp  j  k 2  π + j  ϕ 3    ·            δ  f −  f C  −  k 2  m  f 0  − ℓ n  f 0    ,     



(12)




where the subscripts 1, 2 of   k , β  , and  ϕ  in Equation (12) correspond to the parameters of the upper and lower arms of the DPMZM, respectively. The generated OFCs when one harmonic drove both branches of the DPMZM are shown in Figure 6. Comparing Figure 6 with Figure 2, we can see that the numbers of comb lines for the OFCs under the two schemes are identical.



However, the flatness of the OFC under the scheme in Figure 2 is better than in the scheme in which one harmonic drove both branches of the DPMZM, which is depicted in Table 2. For the three cases described in Table 2, the improvement in flatness performance was 0.07 dB, 0.09 dB, and 0.21 dB, respectively, which demonstrates the effectiveness of the proposed scheme.



We investigated the performance of the OFC with high modulation indices under the scheme in Figure 1. Although due to the constraint of practical equipment the modulation indices were not larger than 1.5 in Section 3, we increased the modulation indices from 1.5 to 9 in the simulation to investigate the number of comb lines and flatness of the generated OFC, which is shown in Table 3. Generally, a higher modulation index will generate more comb lines under a certain requirement of flatness. However, since the fundamental tone is not used to generate the OFC in this study, the number of comb lines will not be increased when we increase the modulation indices of the RF driving signal, although the flatness performance can be improved.




5. Conclusions


In this work, we proposed a novel scheme to generate a flat OFC via cascaded DPMZM and PM using harmonics. Different from previous work to generate OFCs using EOMs, the proposed scheme does not need the fundamental tone to drive the EOMs, the frequency of which is the same as the repetition rate of the OFC. In the proposed scheme, the two EOMs are driven via two harmonics, the orders of which are coprime. When the third and second harmonics drive the first branch of the DPMZM and PM, respectively, a 13-comb line OFC was generated. The corresponding flatness was 0.62 dB and 0.95 dB under the simulation and experiment, respectively. This approach is also effective when the second and third harmonics or the second and fifth harmonics drive two EOMs. We also compared the performance of the generated OFCs under the proposed scheme with those under the scheme in which one harmonic drives both branches of the DPMZM and the other harmonic drives the PM. The same performance on the number of comb lines and better performance on flatness were achieved, verifying the effectiveness of the proposed scheme.
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Figure 1. The principle used to generate a flat OFC via cascaded DPMZM and PM without using the fundamental tone. m and n are the order of two harmonics that drive one branch of the DPMZM and PM, respectively, where m and n are coprime. LD: laser diode, MZM: Mach–Zehnder modulator, DPMZM: dual-parallel Mach–Zehnder modulator, PS: phase shifter, AMP: amplifier, PM: phase modulator, OSA: optical spectrum analyzer. 
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Figure 2. The generated OFC in simulation under the scheme in Figure 1, when (a) the second harmonic (12 GHz) and third harmonic (18 GHz) drive the DPMZM and PM, respectively; (b) the third harmonic (18 GHz) and second harmonic (12 GHz) drive the DPMZM and PM, respectively; (c) the second harmonic (12 GHz) and fifth harmonic (30 GHz) drive the DPMZM and PM, respectively. 
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Figure 3. The experimental setup for OFC generation under the scheme in Figure 1. 
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Figure 4. The generated OFCs in the experiment under the scheme in Figure 1, when (a) the second harmonic and third harmonic drove the DPMZM and PM, respectively; (b) the third harmonic and the second harmonic drove the DPMZM and PM, respectively. 
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Figure 5. The principle used to generate a flat OFC via cascaded DPMZM and PM without using the fundamental tone. m and n are the orders of two harmonics that drive two branches of the DPMZM and PM, respectively, where m and n are coprime. 
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Figure 6. The generated OFCs in simulation, (a) when the second harmonic (12 GHz) drove two branches of the DPMZM and third harmonic (18 GHz) drove PM; (b) when the third (18 GHz) harmonic drove two branches of the DPMZM and the second (12 GHz) harmonic drove the PM; (c) when the second harmonic (12 GHz) drove two branches of the DPMZM and fifth harmonic (30 GHz) drove PM. 
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Table 1. The optimized parameters of the generated OFCs under three cases. Case I: 11-comb line OFC, m = 2, n= 3. Case II: 13-comb line OFC, m = 3, n = 2. Case III: 11-comb line OFC, m = 2, n = 5.






Table 1. The optimized parameters of the generated OFCs under three cases. Case I: 11-comb line OFC, m = 2, n= 3. Case II: 13-comb line OFC, m = 3, n = 2. Case III: 11-comb line OFC, m = 2, n = 5.





	Case
	    β m    
	    β n    
	    ϕ m    
	    ϕ n    
	    ϕ 1    
	    ϕ 2    
	    ϕ 3    





	I
	1.19
	1.50
	2.16
	3.05
	5.61
	2.17
	1.62



	II
	1.19
	1.40
	2.34
	3.13
	5.66
	4.18
	3.87



	III
	0.99
	1.43
	3.45
	2.40
	5.78
	5.19
	3.42










 





Table 2. Performance of the generated OFCs under the schemes in Figure 1 and Figure 5 for three cases. Case I: second harmonic (12 GHz) and third harmonic (18 GHz) drove the DPMZM and PM, respectively. Case II: third harmonic (18 GHz) and second harmonic (12 GHz) drove the DPMZM and PM, respectively. Case III: second harmonic (12 GHz) and fifth harmonic (30 GHz) drove the DPMZM and PM, respectively. Scheme (1): Figure 5. Scheme (2): Figure 1.
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Scheme

	
Case I

	
Case II

	
Case III




	
Number of 

Comb Lines

	
Flatness

	
Number of 

Comb Lines

	
Flatness

	
Number of 

Comb Lines

	
Flatness






	
(1)

	
11

	
0.70 dB

	
13

	
0.71 dB

	
11

	
0.31 dB




	
(2)

	
11

	
0.63 dB

	
13

	
0.62 dB

	
11

	
0.10 dB




	
Improvement by (2)

	
-

	
0.07 dB

	
-

	
0.09 dB

	
-

	
0.21 dB











 





Table 3. The effect of modulation indices on the performance of generated OFC under scheme in Figure 1. Case I: second harmonic (12 GHz) and third harmonic (18 GHz) drive the DPMZM and PM, respectively. Case II: third harmonic (18 GHz) and second harmonic (12 GHz) drive the DPMZM and PM, respectively. Case III: second harmonic (12 GHz) and fifth harmonic (30 GHz) drive the DPMZM and PM, respectively.
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	Case
	Upper Bound of   β  
	    β m    
	    β n    
	Flatness (dB)
	Comb Lines





	I
	1.5
	1.19
	1.50
	0.63
	11



	
	3.0
	2.17
	1.54
	0.26
	11



	
	5.0
	2.15
	1.54
	0.23
	11



	
	7.0
	2.21
	1.55
	0.17
	11



	
	9.0
	2.04
	1.53
	0.20
	11



	II
	1.5
	1.19
	1.40
	0.62
	13



	
	3.0
	2.44
	1.39
	0.49
	13



	
	5.0
	2.35
	1.39
	0.51
	13



	
	7.0
	2.35
	1.39
	0.47
	13



	
	9.0
	2.77
	1.39
	0.33
	13



	III
	1.5
	0.99
	1.43
	0.10
	11



	
	3.0
	0.83
	1.42
	0.14
	11



	
	5.0
	1.39
	1.43
	0.16
	11



	
	7.0
	1.09
	1.42
	0.22
	11



	
	9.0
	1.15
	1.42
	0.23
	11
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
T T T —10 T T T T T T T T T T T
nl n y 0.62 dB
_20 = V 063 dB . _15 - Q @ . S $ Q
. (] ? T ¢ ® .
% 251 @ 20+
3 ® (-~ 3 ? ? ? ?
§ 30 o ¢ ? o § 25+
= =
& &
S 35+ S 30 -
40 T . 350 -]
sl I w0l t f
72 -60 48 -36 24 -12 0 12 24 36 48 60 72 72 -60 48 -36 24 -12 0 12 24 36 48 60 72
Frequency (GHz) Frequency (GHz)
(a) (b)
—15 T T T T T T T T T T T
20 ]
25+ y 0.10dB .
® o

Magnitude (dB)
o
(e}

-72 -60 -48 -36 24 -12 0 12 24 36 48 60 72
Frequency (GHz)

(c)





nav.xhtml


  photonics-10-01340


  
    		
      photonics-10-01340
    


  




  





media/file2.png
------- Electrical

0B -EE O -EB-Em. "

mif 5 nf,

-

v
pM ] 0sA






media/file13.png





media/file5.jpg





media/file3.jpg
H” I ,‘Jh,, 5, W\M

20 38 362002 0 1 2 % 8 @ 72
Frequency (GHn) Frequeney (GH)

@ (®)

(T

0 a8 362112 0 12 2 36 3 @ 2
Frequency (GH2)

(©





media/file1.jpg
= Electrical
—— Optical






media/file7.jpg
Power (dBm)

-15) -10)
0953

E ossa T g

a5 2!

30 F

5 £l

0 | I a8

% |

0,
260 48 36242 0 1223 % 45 @ T2 260 48362612 0 12 24 % 48 @0 7
Frequency (GHz) Frequency (GHz)

(@) (b)





media/file10.png
-------- Electrical

—— Optical
m’ LI S i’ N
:- v V\ DPMZM]I
| MZM, / |
>I I PM OSA






media/file12.png
—15 T T T T T T T T T T T —10 T T T T T T T T T T T
20} e v 0.70dB 15 ¢ v 0.71 dB
Q ) @ ® o @ 7T 9
%—25 - 1 %—20 -
Q