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Abstract

:

A new method of simultaneous modulation of dual-polarization intensity based on a single LiNbO3 Mach–Zehnder modulator (MZM) is proposed. Using the birefringence of lithium niobate, the bipolar optical intensity can be modulated independently with the proposed modulation condition. In this paper, the optimized modulation conditions and the performance of the proposed method are investigated through simulations and experiments.
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1. Introduction


Data traffic is increasing worldwide in the 5G era. As virtual reality (VR), augmented reality (AR), and Internet of Things (IoT) technologies are expected to become mainstream, the data capacity requirement is predicted to increase. The advent of artificial intelligence (AI) demands faster and more accurate signal processing. Transmission of a large volume of data requires the system to be simple. As the network becomes increasingly complex, the number of nodes increases, and more transmitters are required. As each transmitter should be simple in order to ensure the high stability and flexibility of the network, technologies for transmitting high data traffic with simpler structures are urgently required.



Several methods have been proposed to allow increased data traffic. Among these, the simplest method is to use a wider bandwidth. However, because of the bandwidth limitation of the transmitter, it is impossible to extend the bandwidth to infinity. Therefore, modulation methods that increase spectral efficiency have been investigated. On–off keying (OOK) is a representative modulation method because of its simple structure. However, owing to its low spectral efficiency, it cannot satisfy the demand for increasing data traffic. Therefore, M-pulse amplitude modulation (MPAM), which divides the signal amplitude into M levels, has been proposed as an alternative to OOK. However, to increase by 1 bit, MPAM requires two times more levels. Because a higher level requires more power to maintain bit error rate (BER) performance, MPAM has limited scalability. Moreover, because of channel characteristics such as dispersion and nonlinearity, it is difficult to increase M indefinitely [1]. To overcome these problems, modulation methods using light properties such as polarization, wavelength, phase, and mode have been proposed [1,2,3,4].



Modulation methods using phases have been proposed to increase data capacity [1,5,6,7,8,9]. Coherent detection is a representative detection method [6,7]. However, coherent detection inherently requires an optical phase-locked loop (OPLL) owing to the channel-induced phase noise (PN). This makes the link more complex. Instead, modulation called differential phase-shift keying (DPSK) has been researched. Because DPSK does not require an OPLL, it has a simpler structure. However, DPSK has limited performance when the channel is dynamically changed because it uses an optical delay line that meets the symbol length. Thus, the symbol rate should be changed in line with the channel.



Modulation methods that use modes have been proposed as alternatives [2,10,11]. However, these require complex structures. Moreover, the mode can be distorted as light passes through the channel, which causes inter-channel interference [11,12].



Wavelength has attracted attention for several years as an effective light resource for increasing data capacity. Multiplexing, also known as wavelength division multiplexing (WDM), is a representative method. However, because WDM can be used independently of other methods, it was not considered as a comparative method in this study [4].



Polarization is an attractive resource for data transmission. By using the orthogonality of each polarization, data transmission can be increased two-fold. Therefore, various modulation methods have been proposed [1,5,13,14]. These traditional polarization modulation methods require at least two or more modulators to modulate the signal because each modulator modulates a single polarization intensity. However, using the birefringence of commercial     LiNbO  3    MZM, dual polarization intensity could be modulated simultaneously with a single modulator. In this case, however, each polarization intensity is interdependent. Therefore, dual polarization intensity can be modulated simultaneously but not independently.



In this study, a new intensity modulation scheme for dual polarization in a single LiNbO3 MZM is proposed and analyzed. Each polarization intensity could be modulated simultaneously and independently by the proposed method. The optimized power rate for each polarization and optimum symbol mapping were analyzed. The expected performance was simulated, and a proof-of-concept experiment was performed.




2. Schematics


It is well known that lithium niobate exhibits birefringence characteristics [15]. Each polarization axis of lithium niobate has a voltage efficiency difference of approximately three times that of the signal modulation [16]. The proposed technique uses this characteristic to apply different amplitude modulations to both polarization axes. First, an ideal MZM transfer curve was assumed. In this case, for an applied voltage V, the light component along one polarization axis (referred to as the X-axis) is modulated by the following equation:


   E  o u t , X   =  E  i n , X    e  j π · V / 2  V π    +  E  i n , X    e  − j π · V / 2  V π    =  E  i n , X   cos π V / 2  V π   



(1)




where    E  i n    ,    E  o u t     refer to the amplitude of the input and output E-fields, respectively, and    V π    refers to the voltage that the MZM must apply when it modulates the intensity of the voltage-intensity transfer curve by  π . Assuming that the electro–light modulation efficiency of the other polarization component (Y-axis) of lithium niobate differs by exactly three times compared to the crystal axis, the light is modulated by the following equation:


   E  o u t , Y   =  E  i n , Y    e  j π · V / 6  V π    +  E  i n , Y    e  − j π · V / 6  V π    =  E  i n , Y   cos   π V   6  V π     



(2)







The overall scheme is represented in Figure 1.



Figure 2a,c show that the transfer curve of each polarization is different. Thus, different intensity signals can be modulated for each polarization by using the same voltage signal. If the eight-voltage point is set as the input symbol voltage, as depicted in Figure 2a,c, then the intensity of each polarization is modulated differently due to the birefringence of MZM. By adequately tuning the bias and points, one axis can be modulated as PAM4, and the other axis can be modulated as OOK. Figure 2b,d depict the expected eye diagrams of each polarization. In this case, the eight-voltage point is just an example. The modulation order could also be adjusted arbitrarily. MPAM could be modulated in the X-axis, and OOK could be modulated in the Y-axis.



There are two issues associated with this method. The first is the power division. The optimal power rate for each polarization needs to be determined. The other is symbol mapping, which determines the optimal bias and voltage symbol points. These issues cannot be solved independently because both can affect the signal power of each polarization. Thus, these two issues must be optimized simultaneously.



Figure 3 shows the eye diagrams and transfer curves when symbol mapping and power-dividing are changed. The blue and red arrows show the polarization rate change (power-dividing change), and the black arrow shows the symbol mapping change. As shown in Figure 3, the blue and red lines are inversely proportional to each other. This is because the total power is limited. Therefore, if the power allocated to the X-axis increases, the power allocated to the other axis decreases. The symbol mapping change, depicted as a black arrow, changes the signal power of each axis. If the eye of the Y-axis increases, the eye of the X-axis should decrease as both polarizations are modulated with a single input voltage signal. Thus, optimization of the symbol mapping change depends on the signal power.



Because one axis transmits the MPAM signal and the other transmits OOK, we assume that the total number of bits, N, is transmitted in the ratio X:Y = N-1:1. Assuming gray coding, the total BER equation is as follows:


  B E  R  t o t a l   =   E r r o r b i t  s x  + E r r o r b i t  s y    t o t a l   b i t s   =   S E  R x  + S E  R y   N   



(3)







For a typical MPAM, the SER equation is as follows [17]:


  S E  R  M P A M    (   γ s   )  =   M − 1  M  e r f c  (      3  γ s     M 2  − 1      )   



(4)




where    γ s    refers to      E s   ¯  /  N 0   , the average symbol power–noise ratio. Here      E s   ¯    is defined as follows:


   b  o n   −  b  o f f   = 2  (  M − 1  )  ·     3    E s   ¯     M 2  − 1      



(5)




where    b  o n     refers to the maximum amplitude and    b  o f f     refers to the minimum amplitude that the modulator can generate. Therefore, for a given    N 0   , if    b  o f f     and    b  o n     are determined, SER can also be determined. Therefore, using Equations (4) and (5), we get:


  S E  R  M P A M    (   γ s   )  = S E  R  M P A M    (     (  M + 1  )     (   b  o n   −  b  o f f    )   2    4  (  M − 1  )   N 0     )  =   M − 1  M  e r f c  (     b  o n   −  b  o f f     2  (  M − 1  )       1   N 0       )   



(6)







Then, if the MPAM is modulated along the X-axis and OOK is modulated along the Y-axis, Equation (3) can be modified as follows:


  B E  R  t o t a l   =  1 N   (    M − 1  M  e r f c  (       (   b  o n   −  b  o f f    )   x    2  (  M − 1  )       1   N 0       )  +  1 2  e r f c  (       (   b  o n   −  b  o f f    )   y   2     1   N 0       )   )   



(7)







If    N 0    is a fixed value, the BER performance is only affected by      (   b  o n   −  b  o f f    )   x    and      (   b  o n   −  b  o f f    )   y   . Each term must be normalized for optimization. From Equations (1) and (2), the intensity for each polarization is determined as follows:


   I x  = α β ·  (   1 2  +  1 2  cos   π V    V π     )     (  8 − a  )   



(8)






   I y  =  (  1 − α  )  · β ·  (   1 2  +  1 2  cos   π V   3  V π     )   (  8 − b  )   



(9)




where  α  refers to the polarization dividing ratio and  β  refers to the intensity. Therefore, if one voltage signal  V  (symbol mapping) and  α  are determined,      (   b  o n   −  b  o f f    )   x    and      (   b  o n   −  b  o f f    )   y    are automatically determined by Equation (8). If the MZM has an ideal cosine curve, the optimal point is determined as shown in Figure 4.



The optimal point is the point where the eye per bit for each polarization is equal. This is because the power distance between the symbols determines the error rate. A smaller number of eyes per bit indicates that insufficient power is allocated to the polarization axis. Therefore, sufficient signal power should be allocated by adjusting the symbol mapping and polarization power division. In addition, to maximize efficiency, the symbol should be modulated in the 3   V π    range, as depicted in Figure 3, rather than in the 2   V π    range, as depicted in Figure 2. This is because the Y-axis distance decreases when it is modulated within the 2   V π    range.




3. Simulation and Experimental Results


The proposed technique was simulated and experimentally demonstrated under the optimal conditions mentioned above.



3.1. Simulation


The simulation was conducted assuming that the MZM has an ideal transfer curve and that LiNbO3 has exactly three times the refractive index difference. The relative optical power vs. BER graph of the proposed technique was then compared to that of MPAM. Each graph was composed of a modulation method with the same spectral efficiency, for example, OOK–OOK and PAM4, and PAM4–OOK and PAM8. It was confirmed that the entire linear region was fully used for both the proposed technique and MPAM. In addition, it was assumed that the   3  V π    range was used to maximize performance. In Figure 5, the blue line represents the BER graph of MPAM, and the orange line depicts the BER graph of the proposed technique. The relative optical power is the relative power of light, assuming that the noise power is fixed. As shown, for all cases, the BER performance of the proposed technique was better than that of the MPAM technique. In addition, as the modulation order increased, the difference between the proposed technique and MPAM increased. As the total modulation order increases, the MPAM modulation order also increases along the X-axis. This makes the eye per bit smaller on the X-axis. As the simulation was conducted assuming the optimal condition in Figure 4, more power should be allocated to the X-axis to make the eye per bit of each axis equal. Accordingly, the power that should be allocated to the Y-axis decreases as the order increases. Because the power allocated in the Y-axis is 1 bit, less power is required to increase it by 1 bit as the order increases.




3.2. Experimental Results


Based on the above theories, an OOK–OOK experiment in a commercial MZM was conducted as a proof-of-concept. Figure 6 shows the overall experimental scheme. However, because the MZM in the laboratory had an internal polarizer to decrease the Y-axis power for MZM performance, the experiment could not be conducted under optimal power-dividing conditions. Therefore, more power was allocated to the Y-axis and amplified by the EDFA. In addition, the RF amplifier in the laboratory had a limited range; thus the experiment could not be conducted under the optimal 3   V π    condition depicted in Figure 3. Therefore, the experiment was conducted within   2  V π    range. A 2.5 Gbps experiment was conducted for each axis with a back-to-back system.



Figure 7 depicts the eye diagram for each polarization. As shown in Figure 2 and Figure 3, the X-axis has only two levels, but the Y-axis has more levels.



The received optical power vs. BER graph for theoretical OOK–OOK and experimentally measured OOK–OOK is depicted in Figure 8a. In this graph, the received optical power is the total received power of each axis. The theoretical value is the simulated BER when the voltage swing is in a   2  V π    range for the given noise power. It can be seen that the measured OOK–OOK performance is less than the theoretical value. This is because, as mentioned above, the experiment could not be conducted under optimal conditions owing to the internal polarization of the MZM in the laboratory and the limitations of the RF amplifier. The measured voltage-intensity transfer curve for each axis is shown in Figure 8b. It can be observed that the Y-axis transfer curve is not an ideal transfer curve. This limits the performance of the proposed technique. However, these were all experimental errors. If the experiment is performed under optimal conditions, modulation with a higher spectral efficiency can be conducted with a single MZM.





4. Conclusions


In summary, we proposed a new modulation method with higher spectral efficiency and a simpler structure. Unlike traditional polarization modulation methods that require two or more modulators, by using the birefringence characteristic of LiNbO3-based MZM, the intensity modulation of both polarizations could be conducted with a single MZM. The optimal condition for the proposed method plus simulation and a proof-of-concept experiment was conducted. The polarization rate and voltage swing were optimized when the symbol distance per bit for each polarization was equal. The simulation result showed that as the order increased, the spectral efficiency of the proposed method also increased. This is because as the order increases, less power is required for the Y polarization. The experiment result showed that dual polarization intensity modulation is actually possible with a     LiNbO  3   -based modulator. Despite the spectral efficiency advantages, it was checked that a higher electrical voltage swing is required for this method. Further, it was confirmed that the MZM should have a high extinction-ratio Y polarization transfer curve. However, these are experimental issues. With a feasible MZM and amplifier, we expect that the proposed technique will be useful in future high-speed optical transmission requiring a simpler structure.
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Figure 1. Overall schematic of the proposed scheme. 
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Figure 2. Transfer curve and expected eye-diagram for each polarization axis: (a) X-axis voltage vs. intensity transfer curve; (b) Expected X-axis eye diagram (c); Y-axis voltage vs. intensity transfer curve (d); Expected Y-axis eye diagram. 
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Figure 3. Transfer curves and expected eye diagram for each polarization when the symbol mapping and polarization power rate is changed. (a) X-axis voltage vs. intensity transfer curve; (b) Expected X-axis eye diagram; (c) Y-axis voltage vs. intensity transfer curve; (d) Expected Y-axis eye diagram. 
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Figure 4. The optimal point condition of the proposed technique. 






Figure 4. The optimal point condition of the proposed technique.



[image: Photonics 09 00386 g004]







[image: Photonics 09 00386 g005 550] 





Figure 5. Relative optical power vs. BER graph for the proposed technique and MPAM. (a) PAM4 vs. OOK–OOK; (b) PAM8 vs. PAM4–OOK; (c) PAM16 vs. PAM8–OOK. 
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Figure 6. Experimental scheme. 
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Figure 7. 5 Gbps (2.5 GHz) OOK–OOK eye diagram: (a) X-axis; (b) Y-axis. 
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Figure 8. (a) Experimentally measured OOK–OOK vs. theoretical OOK–OOK for given SNR relative optical power vs. BER graph. (b) Measured normalized intensities of the X- and Y-axes according to voltage change. 
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