

  photonics-10-00229




photonics-10-00229







Photonics 2023, 10(3), 229; doi:10.3390/photonics10030229




Article



A Design of All-Optical Integrated Linearized Modulator Based on Asymmetric Mach-Zehnder Modulator



Yiru Zhao 1,2[image: Orcid], Jinye Li 1, Zichuan Xiang 1,2 and Jianguo Liu 1,2,*





1



State Key Laboratory on Integrated Optoelectronics, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China






2



College of Materials Science and Opto-Electronic Technology, University of Chinese Academy of Sciences, Beijing 100049, China









*



Correspondence: jgliu@semi.ac.cn







Received: 28 January 2023 / Revised: 14 February 2023 / Accepted: 19 February 2023 / Published: 21 February 2023



Abstract

:

We proposed an all-optical linearized modulator model suitable for an integration platform. The linearized modulator is formed by an asymmetric Mach–Zehnder modulator and a carrier-separated waveguide. We focus on the suppression of both intermodulation distortion (IMD3) and second-order harmonic distortions (SHD). As a result, the third-order nonlinear terms of IMD3 and second-order nonlinear terms of SHD are entirely suppressed, leading to a spurious free dynamic range of IMD3 (SFDRIMD3) improvement of ~14 dB and SFDRSHD improvement of ~3 dB compared with a standard MZM model. The influence of large RF input signals, losses, and fabrication deviations are also discussed to prove the feasibility of the model.
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1. Introduction


Microwave photonics (MWP) has received extensive attention in recent years with the advantages of both the microwave and the photonics fields [1,2,3]. Modern MWP links have become increasingly crucial as higher-order QAM coherent systems become more analog-like and require a higher linear transmitter [4]. Prevalent microwave photonic links employ a direct detection (DD) scheme in which Mach–Zehnder modulators (MZMs) are widely used. However, the sinusoidal transmission characteristics of the MZM are the main limiting factor in the linearity of the MWP links, which restricts the spurious free dynamic range (SFDR). Therefore, it is highly desirable to develop a high-linearity modulator to propel the development of MWP systems.



Many MZM linearization methods have been suggested and implemented, which can be broadly categorized as electrical, mixed, and all-optical. Electrical linearization can achieve ultra-high SFDR at low frequency, but the bandwidth is limited by the speed of electronic processing [5,6,7,8]. The third-order nonlinearity is eliminated in silicon modulators built in a regular MZM configuration by optimizing doping [9]. However, this is not applicable to material platforms with a linear electro-optic effect. The mixed linearized modulator typically uses a dual-parallel Mach–Zehnder modulator (DPMZM) [10,11,12,13] to produce complimentary third-order intermodulation distortion (IMD3), as it cancels the IMD3 at the detector. However, a mixed linearized modulator requires precise control of the optical power splitter ratio, broadband microwave attenuator, and phase shifter. All-optical linearization includes discrete links and integrated modulators. The discrete all-optical linearization is ultra-wideband and wavelength-independent, but it requires an attenuator to eliminate the IMD3, which causes unwanted signal attenuation [14]. The integrated linearized modulators mainly utilize a micro-ring [15,16,17,18,19,20,21] or Bragg grating [22] to improve the interference characteristic of the Mach–Zehnder interferometers (MZIs), which have been successfully implemented on the Silicon Photonics platform. These integrated modulators are attractive for their simplicity and robustness, but the resonators limit the bandwidth.



In this paper, we propose an all-optical linearization design for the integrated modulator. The linearized modulator is formed by an asymmetric Mach–Zehnder modulator and a carrier-separated waveguide, called carrier separated asymmetric Mach–Zehnder modulator (CS-AMZM). A mathematical model is built to investigate the linearity of the CS-AMZM structure. The second-order harmonic distortions (SHDs) and IMD3 can be suppressed simultaneously at a specific operating point to achieve a spurious-free status within the full operating broadband. At the same time, CS-AMZM does not contain resonators, so its operating bandwidth can be close to MZM. Through calculation and simulation, the SFDRSHD of CS-AMZM is close to MZM, and the SFDRIMD3 is ~14 dB higher than the standard MZM. In the case of large input power, the harmonics can be further suppressed by feedback control. In addition, after considering the leading design and process errors in fabrication, it is revealed that the performance is almost consistent with the ideal case except for loss.




2. Linearized CS-AMZM Model


The nonlinearity effect of a modulator is usually represented by the two-tone test. The modulator is driven by two signals whose frequencies are closely spaced. Because of the nonlinear electro-optic response of the modulator, the output optical signal contains new frequency components called intermodulation distortions (IMDs) and harmonic distortions (HDs). The nonlinearity calculation usually only considers the IMD3 but ignores the SHD, which limits the system within the range of the sub-octave bandwidth. To improve the system’s performance, the SHD is also a factor that must be considered. Therefore, the SHD and IMD3 need to be suppressed simultaneously, and the loss of (first-order harmonics) FH components should also be minimized.



We first consider the ideal model of an AMZM, as shown in Figure 1. The difference between AMZM and MZM is that the power ratio of the input beam splitter is unequal. Directional coupler splitter (DCS), 1 × 2 MZI, asymmetric Y branch, and arbitrary ratio MMI [23,24,25] are all suitable choices for asymmetric beam splitters. In this paper, DCS is chosen for calculation and design. The power ratio of the splitter is t2: k2, and of course, t2 + k2 = 1. The input optical field of the AMZM is Ein = E0exp(jωt), and the driving signals of the two arms (WG-A1 and WG-A2) consist of a two-tone signal and a direct current bias, written as:


     V 1  =  V  D C   +  v 0    cos  ω 1  t + cos  ω 2  t        V 2  = −  v 0    cos  ω 1  t + cos  ω 2  t   ,    



(1)




where v0 is the amplitude of the RF signal and VDC is the direct current bias voltage. ω1 and ω2 are the angular frequencies of the two-tone signal. Here, to simplify the calculation, we let DC voltage only exist in the upper arm, which does not affect the correctness of the calculation. The phase difference between WG-A1 and WG-A2 caused by the DCS can be ignored owing to VDC, which can achieve any desired operating points. Therefore, VDC will directly represent the phase difference between WG-A1 and WG-A2. The modulated optical field of the two arms can be written as:


     E 1  =  E 0  t exp   j   ω t +  x  D C   +  x 0    cos  ω 1  t + cos  ω 2  t            E 2  =  E 0  k exp   j   ω t −  x 0    cos  ω 1  t + cos  ω 2  t       ,    



(2)




where x0 = πv0/Vπ and xDC = πVDC/Vπ are the modulator index of the RF signal and DC bias, respectively. Vπ is the half-wave voltage of the AMZM. We normalize E0 to 1 and set the operating point of AMZM to exp(jxDC) = j. In addition, only linear electro-optic materials are considered here, such as lithium niobate (LN). The modulation of voltage to phase is linear and ignores asymmetries of WG-A1 and WG-A2. The modulation sidebands are calculated using Bessel expansion. Following this, the coefficients of the sidebands related to the FH, SHD, and IMD3 in the Eout can be written as:


     0  :    W 0  =  1 2    j t + k    J 0 2        ±  ω 1  , ±  ω 2    :    W 1  = −  1 2    t + j k    J 0   J 1        ± 2  ω 1  , ± 2  ω 2    :    W 2  = −  1 2    j t + k    J 0   J 2        ±    ω 1  −  ω 2      :    W  11   = −  1 2    j t + k    J 1 2        ±   2  ω 1  −  ω 2    , ±   2  ω 2  −  ω 1      :    W  21   =  1 2    t + j k    J 1   J 2  ,    



(3)




where Wi is the power of the corresponding sideband. Jn is a simplified form of Jn(x0), which is the n-order Bessel function of the first kind, and [±ωi] represents exp(jωt ± jωit). For square-law detectors, the photocurrent of the FH, SHD, and IMD3 components can be calculated by the modulation sidebands (see Appendix A):


     I  F H     ∼    W 0   W 1 *  +  W 1   W 0 *         = t k  J 0 3   J 1  ≈  1 2  t k  x 0       I  S H D     ∼   2    W 0   W 2 *  +  W 2   W 0 *    +  W 1   W 1 *  +  W 1   W 1 *         =    t 2  +  k 2       1 2   J 0 2   J 1 2  −  J 0 3   J 2    ≈ 0      I  I M D 3     ∼    W 0   W  21  *  +  W  21    W 0 *  +  W 1   W  11  *  +  W  11    W 1 *  +  W 1   W 2 *  +  W 2   W 1 *         = t k    J 0 2   J 1   J 2  +  1 2   J 0   J 1 3    ≈  1 8  t k  x 0 3  ,    



(4)




where the Bessel function is approximated by a power series expansion under the case of the small signal; it can be seen in Equation (4) that for AMZM, although the SHD is almost nonexistent, neither FH nor IMD3 have zero points. If a cancellation component can be introduced, the FH and IMD3 components can obtain different zero points. Therefore, a carrier-separated AMZM (CS-AMZM) is proposed, as seen in Figure 2.



For IMD3 components to obtain zero points, we add an adjustable 1 × 2 splitter to separate a portion of the carrier, whose power ratio is p2: q2, p2 + q2 = 1. The arm for the separated carrier, called WG-CS, has a heating electrode to control the phase shift, which is defined as Δϕ. It should be noted that the adjustable 1 × 2 splitter will introduce a phase difference of π on the two arms. Δϕ includes this phase difference, and represents the total phase difference between the two output ports. The optical field of WG-A1, WG-A2, and the WG-CS can be written as:


     E 1  = p t exp   j  x  D C     exp   j ω t + j  x 0    cos  ω 1  t + cos  ω 2  t          E 2  = p k exp   j ω t − j  x 0    cos  ω 1  t + cos  ω 2  t          E 3  = q exp   j Δ ϕ   ,    



(5)







The photocurrent of the FH, SHD, and IMD3 components can be written as


     I  F H   ∼  1 2  p   2 p k t +  2  q   t cos Δ ϕ + k sin Δ ϕ      x 0       I  S H D   ∼    2   4  p q   k cos Δ ϕ + t sin Δ ϕ    x 0 2       I  I M D 3   ∼  1  64   p   8 p t k +  2  q   k cos Δ ϕ + t sin Δ ϕ      x 0 3  ,    



(6)







It can be seen in Equation (6) that, after separating the carrier, the SHD and IMD3 components can exist with different zero points with a suitable Δϕ.



Figure 3 shows the IFH, ISHD, and IIMD3 in Equation (6) changed with the power ratio of the two splitters when Δϕ = 7/8π. The zero points of SHD and IMD3 components are marked with a dotted black line and solid black line, respectively. x0 is set to 0.001, which is small enough to satisfy small-signal conditions. It should be noted that as for t, p = 0, or 1, CS-AMZM equivalents to a phase modulator, a waveguide, or a single AMZM, so the ranges of t2 and p2 are limited from 0.001 to 0.999. It can be seen that the variation in SHD is independent of t2. SHD and IMD3 have a unique common zero point. Since Figure 3 will change with Δϕ, in order to find the maximum value of FH, we performed the calculation for different Δϕs.



The common zero point of SHD and IMD3 changes as Δϕ changes, as shown in Figure 4a. When Δϕ is in a specific range, SHD and IMD3 have a common zero point. It is independent of p to suppress SHD for a certain Δϕ. Therefore, t can be fixed with a specific splitter structure. The FH power reaches its maximum when Δϕ = 7.6/8π, as shown in Figure 4b. In actual fabrication, it is difficult to make a waveguide with fixed phase-shifting due to the inaccurate length and width. Therefore, a more practical approach is to use thermo-optic or electro-optic effects to make adjustable phase shifters. The advantage of the adjustable phase shifters is that the fabrication error of  t  can be adjusted by Δϕ. Hence in actual fabrication, the power of FH depends on t. The effective interval for t2 is (0.6, 1). In this interval the suppression of SHD and IMD3 will not be affected, but only the power of FH will be affected. This is a relatively sufficient tolerance; simple process design is required to ensure that t2 is in this interval. We can set an adjustable t2 to maximize the power of FH. However, because t2 and Δϕ affect each other, if both parameters are adjustable, the device will be more unstable. When the environment or experimental conditions change, it is necessary to adjust the two parameters at the same time to make them match each other, which increases the difficulty of adjustment. For such comprehensive considerations, we recommend fixing t2.




3. Results and Discussion


3.1. Ideal CS-AMZM Simulation


In this section, the CS-AMZM was analyzed under ideal conditions. We used Lumerical INTERCONNECT to simulate the proposed CS-AMZM. Following this, CS-AMZM is compared with a standard MZM under the same conditions. The device parameters in the simulation are shown in Table 1, and the simulation settings are shown in Table 2. The test link of CS-AMZM is shown in Figure 5.



In the simulation, the solver settings are default, and losses are not considered, and the phase differences among WG-A1, WG-A2, and WG-CS are not considered. The linear operating point of the CS-AMZM is the same as calculated in the previous section. Δϕ is set to 7.6/8π, corresponding to achieving the common zero points of SHD and IMD3. The RF input power is 7 dBm. The frequency of the two-tone signal is set to 10 GHz and 11.25 GHz. We disabled the thermal noise of the laser and detector to detect the harmonics with eminently low power. This only eliminates white noise, which does not affect harmonic generation. Meanwhile, we adjusted the sensitivity of the RF spectrum analyzer to −200 dBm. When calculating SFDR, the NF is set to −162 dBm/Hz, which can be obtained in the experiment [15].


   I  T H , 3   ∼  1  96   p   8 p t k +  2  q   k cos Δ ϕ + t sin Δ ϕ      x 0 3  ,  



(7)







The TH and IMD3 components have the same zero points. In the 5-octave range, the harmonics and intermodulation of the signal will be much lower than that of MZM and other linearized modulators, which do not consider SHD cancellation.



Simulated SFDR results of the standard MZM and the proposed CS-AMZM are shown in Figure 6c. Compared with MZM, although the FH power of the CS-AMZM is reduced, the SFDRIMD3 is improved by 14 dB, and the SFDRSHD is improved by 2.8 dB due to the complete suppression of harmonics. We note that the slopes of IMD3 power versus input power is ~5 for the CS-AMZM, because we have almost completely suppressed the third-order nonlinear components under small-signal conditions. Therefore, the main component of IMD3 is fifth-order nonlinear components. The fifth-order nonlinear component of IMD3 is calculated as (see Appendix B):


   I  I M D 3 , 5   ∼ −  p 2  t k   2  J 0   J 1   J 2 2  + 2  J 0   J 1 2   J 3  +  J 1 3   J 2    ,  



(8)







Fifth-order nonlinear components are not affected by separated carriers and have no zero points, which defines the linearization limit of CS-AMZM.



We performed a tolerance analysis of p2 and Δϕ with an RF input power of 10 dBm, as shown in Figure 7. The influence of p2 offset on each component is given in Figure 7a, which shows that p2 has little influence on FH and SHD. As mentioned in 3.2 in the manuscript, for large input signals, the minimum power of IMD3 is not at the optimal linear point, and the increase in IMD3 is less than 10dB when the offset of p2 is between −0.004 and 0.008. Figure 7b shows the effect of the offset of Δϕ on each component. It can be seen that a slight change in Δϕ leads to a large increase in SHD. Therefore, in practical application, the accuracy and stability of Δϕ should be ensured first, to obtain higher SFDRSHD. If only IMD3 needs to be suppressed, the accuracy requirements for both p2 and Δϕ are drastically reduced.




3.2. The Case of Large RF Input Power


As shown in the dashed line in Figure 6c, Bessel expansion does not satisfy linear approximation at large-signal conditions, and the beat higher-order nonlinear components cannot be neglected. In order to perform the calculation for the large-signal case, we abandon the approximation of the Bessel function and add the fifth-order beat frequency components in IMD3 (see Equation (8)). The normalized photocurrent under a small-signal condition (x0 = 0.001) and large-signal condition (x0 = 1) is shown in Figure 8. The zero points are shifted in the large-signal condition for both FH and IMD3 components. The zero points of the SHD are almost constant.



The linearization condition is t2 = 0.976 and p2 = 0.550 when the input power is 13 dBm. The input power is scanned under this condition, and the result is shown in Figure 9. The input power corresponding to the position of the notch is exactly the input power. The slope is three for less than the input power and five for more. IMD3 contains all nonlinear components of an odd order. Higher-order nonlinear components have lower power. When the operating point slightly deviates from the condition of complete suppression of the third-order nonlinear components, the power of the third-order and fifth-order components are close. Therefore, the IMD3 for small input power is dominated by the third-order nonlinear components, while the IMD3 for large input power is dominated by the fifth-order nonlinear components. The intersection of the two extension lines is the position of the notch. In this case, the third- and fifth-order nonlinear components are almost equal. It can be seen from Equations (6) and (8) that the third- and fifth-order components are inverted. They are almost entirely canceled out when the power is equal, forming the notch.



This phenomenon means that intermodulation distortions can be further suppressed at large signals by improving the feedback-control system. If a fixed control point is used, a high SFDR can be obtained. If adaptive control of the smallest harmonics can be achieved, an operating point with the minimum IMD3 power can be found by adjusting p2 under large signals. Consequently, the modulator’s carrier-to-distortion ratio (CDR) under large signals can be significantly improved.




3.3. Influence of Losses and Fabrication Deviations


The losses and deviations in fabrication are considered in this section. At the same time, the process of determining linear operating points is also simulated. There are many variable parameters in CS-AMZM, so we use a set of deviated parameters as an example to demonstrate the fabrication tolerance of CS-AMZM.



Common thin-film lithium niobate (TFLN) ridge waveguides are used to constitute the CS-AMZM. TFLN is 600 nm thick, the width of the ridge waveguide is 1 μm, the height is 300 nm, and the side wall inclination is 70°. We use the Lumerical FDE solver to simulate the waveguide. The effective refractive index of the waveguide is 1.907, and the group index is 2.266. We refer to the parameters in [26]; the voltage-length product is 2.2 V·cm, the loss of the WG is 0.3 dB/cm, and the loss of DCS is 0.5 dB. t2 is set to 0.95 to simulate DCS fabrication deviation. The lengths of WG-A1, WG-A2, and WG-CS are 8800 μm, 8820 μm, and 9000 μm, respectively. The waveguide length is set in this way to simulate the fabrication error of the waveguide. According to Section 3.2, the large signal will offset the operating point, so we used an input signal of −10 dBm to find the linear operating point. The process is shown in Figure 10.



However, if only the Eout is monitored, the p2 and Δϕ cannot be determined. Therefore, a detector is needed to find the optimal working point. Firstly, the orthogonal bias point of AMZM can be found by the normalized output optical power, and the corresponding bias voltage can be obtained. Following this, since the suppression of SHD is independent of p2, Δϕ can be adjusted independently to find the operating point of SHD suppression. Finally, p2 is adjusted to suppress IMD3. It should be noted that the adjustable beam splitter uses two 2 × 2 MMIs, thus ensuring that the initial phase difference of the two output ports is always π when adjusting p2. Therefore, the adjustment of Δϕ in step b will not be affected by adjusting p2.



At the linear operating point, the spectrogram and SFDR results are shown in Figure 11. After introducing losses and deviations, the power of all frequency components is reduced by ~7 dB, caused by the waveguide loss. The dynamic range is reduced accordingly. Besides the losses, CS-AMZM performs the same as the ideal case. Therefore, we demonstrated that CS-AMZM can still suppress SHD and IMD3 well under non-ideal conditions.





4. Conclusions


In summary, we proposed a novel, all-optical linearized modulator model suitable for the integration platform. A comparison of reported SFDRs for TFLN modulators is shown in Table 3; compared to those reported MZMs on LNOI platforms, the proposed CS-AMZM takes advantage of its simplicity and high performance.



The scheme takes advantage of integrated device design flexibility, designing a CS-AMZM to suppress SHD and IMD3 components simultaneously, and even the TH component is suppressed. The novel structure leads to an SFDRIMD3 improvement of ~14 dB and an SFDRSHD improvement of ~3 dB compared with a standard MZM. The dynamic range is improved throughout the whole operating bandwidth. For the case of large RF input power, CDR can be further increased by adjusting the power ratio of the splitter. We also demonstrated that CS-AMZM can still suppress SHD and IMD3 well under non-ideal conditions. Even though the only weakness is that CS-AMZM requires precise control of the operating point to achieve the best linearization, which requires high precision feedback control circuits, the all-optical structure and traditional ground-signal-ground (GSG) electrode simplify the application. The proposed CS-AMZM has the potential to directly replace MZM in analog signal system and achieve high-linearity modulation. It can be used in large-scale functional microwave photonic integrated circuits, microwave photonic radar, and other applications, leading to huge potential as a building block in the integrated microwave photonics system.
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Appendix A. Derivation of the Photocurrent of the FH, SHD, and IMD3 Components


In this section, we show the complete mathematical derivation process. To ensure the completeness of the narrative, some equations are repeated with the main text, which are renumbered here.



The input optical field of the AMZM is set as Ein = E0exp(jωt), and the driving signals of the two arms consist of a two-tone signal and a DC bias, written as:


     V 1  =  V  D C   +  v 0    cos  ω 1  t + cos  ω 2  t        V 2  = −  v 0    cos  ω 1  t + cos  ω 2  t      



(A1)




where v0 is the amplitude of the RF signal, VDC is the voltage of the DC bias, and ω1 and ω2 are the angular frequencies of the two-tone signal. Here, to simplify the calculation, we let DC voltage only exist in the upper arm, which does not affect the correctness of the calculation.



Therefore, the modulated optical field of the two arms can be written as:


     E 1  =  E 0  t exp   j   ω t +  x  D C   +  x 0    cos  ω 1  t + cos  ω 2  t            E 2  =  E 0  k exp   j   ω t −  x 0    cos  ω 1  t + cos  ω 2  t          



(A2)




where x0 = πv0/Vπ and xDC = πVDC/Vπ are the modulator index of the RF signal and DC bias, respectively. Vπ is the half-wave voltage of the AMZM. Bessel expansion of the Equation (A2) is calculated as [29]:


     E 1  =  E 0  t exp   j ω t   exp   j  x  D C       ∑  n = − ∞  ∞    J n     x 0     j n  exp   j n  ω 1  t       ∑  n = − ∞  ∞    J n     x 0     j n  exp   j n  ω 2  t          E 2  =  E 0  k exp   j ω t     ∑  n = − ∞  ∞    J n     x 0        − j    n  exp   j n  ω 1  t       ∑  n = − ∞  ∞    J n     x 0        − j    n  exp   j n  ω 2  t        



(A3)




where Jn is the n-order Bessel function of the first kind. It can be seen that there are a series of frequency combinations of ω1 and ω2. We normalize E0 to 1 and set the work point of AMZM to exp(jxDC) = j. Only the sidebands related to the FH, SHD, and IMD3 during modulating and detecting are considered, and the higher-order terms are ignored. Following this, the coefficients of the desired frequency components are extracted from the Equation (A3).


     0  :    W 0  =  1 2    j t + k    J 0 2        ±  ω 1  , ±  ω 2    :    W 1  = −  1 2    t + j k    J 0   J 1        ± 2  ω 1  , ± 2  ω 2    :    W 2  = −  1 2    j t + k    J 0   J 2        ±    ω 1  −  ω 2      :    W  11   = −  1 2    j t + k    J 1 2        ±   2  ω 1  −  ω 2    , ±   2  ω 2  −  ω 1      :    W  21   =  1 2    t + j k    J 1   J 2     



(A4)




where [ωi] represents exp(jωt + jωit), and Wi is the power of the corresponding sideband. The photocurrent of a square-law detector can be expressed as:


     I  P D   ∼  E  o u t    E  o u t  *      =      W 0   0      +  W 1    ±  ω 1  , ±  ω 2        +  W 2    ± 2  ω 1  , ± 2  ω 2        +  W  11     ±    ω 1  −  ω 2          +  W  21     ±   2  ω 1  −  ω 2    , ±   2  ω 2  −  ω 1               W 0 *   0      +  W 1 *    ±  ω 1  , ±  ω 2        +  W 2 *    ± 2  ω 1  , ± 2  ω 2        +  W  11  *    ±    ω 1  −  ω 2          +  W  21  *    ±   2  ω 1  −  ω 2    , ±   2  ω 2  −  ω 1             



(A5)







The relationship between photocurrent and modulation sideband is shown in Figure A1.





[image: Photonics 10 00229 g0a1 550] 





Figure A1. A schematic diagram of modulation sideband and photocurrent. 






Figure A1. A schematic diagram of modulation sideband and photocurrent.
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Referencing Figure A1 and expanding Equation (A5), the photocurrent of the FH, SHD, and IMD3 can be written as:


     I  F H     ∼    W 0   W 1 *  +  W 1   W 0 *         = t k  J 0 3   J 1       I  S H D     ∼   2    W 0   W 2 *  +  W 2   W 0 *    +  W 1   W 1 *  +  W 1   W 1 *         =    t 2  +  k 2       1 2   J 0 2   J 1 2  −  J 0 3   J 2         I  I M D 3     ∼    W 0   W  21  *  +  W  21    W 0 *  +  W 1   W  11  *  +  W  11    W 1 *  +  W 1   W 2 *  +  W 2   W 1 *         = t k    J 0 2   J 1   J 2  +  1 2   J 0   J 1 3       



(A6)







For the small signal (x0→0), the Bessel function is approximated by a power series expansion:


   J n   x  =  1  Γ   n + 1          x 2     n  + O    x  n + 2     , x → 0  



(A7)




which means    J 0  ≈ 1  ,    J 1  ≈    x 0   / 2   ,    J 2  ≈    x 0 2   / 8   , and    J 3  ≈    x 0 3   /  48    . Following this, Equation (A6) can be written as


     I  F H   ∼  1 2  t k  x 0       I  S H D   ≈ 0      I  I M D 3   ∼  1 8  t k  x 0 3     



(A8)







The derivation of CS-AMZM is similar with AMZM. An adjustable 1 × 2 splitter [30] was used to form the CS-AMZM. Two 2 × 2 MMI are used to form a 1 × 2 MZI to achieve the adjustable 1 × 2 splitter. The output power depends on the phase difference between the two arms:


           E  o u t 1          E  o u t 2           =          2   2      j    2   2        j    2   2         2   2              exp   j Δ φ      0     0   1               2   2      j    2   2        j    2   2         2   2               E  i n        0           =       exp   j Δ φ   − 1       j   exp   j Δ φ   + 1          E  i n      



(A9)




where Δφ is the phase difference between the two arms, Ein is the input electric field, and Eout1,2 are the output electric field of two output ports. The output power can be written as:


         P  o u t 1          P  o u t 2         =            E  o u t 1      2             E  o u t 2      2        =       1 − cos   Δ φ         1 + cos   Δ φ          E  i n    



(A10)







Therefore, the output power can be adjusted by controlling the Δφ. The modulated optical field of the two arms and the separated carrier can be written as:


     E 1  = p t exp   j  x  D C     exp   j ω t + j  x 0    cos  ω 1  t + cos  ω 2  t          E 2  = p k exp   j ω t − j  x 0    cos  ω 1  t + cos  ω 2  t          E 3  = q Δ ϕ    



(A11)







Bessel expansion of the Equation (A11) is calculated as:


     E 1  =  E 0  p t exp   j ω t   exp   j  x  D C       ∑  n = − ∞  ∞    J n     x 0     j n  exp   j n  ω 1  t       ∑  n = − ∞  ∞    J n     x 0     j n  exp   j n  ω 2  t          E 2  =  E 0  p k exp   j ω t     ∑  n = − ∞  ∞    J n     x 0        − j    n  exp   j n  ω 1  t       ∑  n = − ∞  ∞    J n     x 0        − j    n  exp   j n  ω 2  t        



(A12)







Following this, the coefficients of the desired frequency components are extracted from the Equation (A12).


     W 0  =  p 2    j t + k    J 0 2  +    2  q  2  exp   j Δ ϕ   →  0       W 1  = −  p 2    t + j k    J 0   J 1  →   ±  ω 1  , ±  ω 2         W 2  = −  p 2    j t + k    J 0   J 2  →   ± 2  ω 1  , ± 2  ω 2         W  11   = −  p 2    j t + k    J 1 2  →   ±    ω 1  −  ω 2           W 3  =  p 2    t + j k    J 1   J 2  →   ±   2  ω 1  −  ω 2    , ±   2  ω 2  −  ω 1         



(A13)







The photocurrent of the FH, SHD, and IMD3 of CS-AMZM can be written as:


     I  F H     ∼ |   p 2  k t  J 0 2  +    2   2  p q   t cos Δ ϕ + k sin Δ ϕ    |  J 0   J 1       =  1 2  p   2 p k t +  2  q   t cos Δ ϕ + k sin Δ ϕ      x 0       I  S H D     ∼ |     p 2   t 2  +  p 2   k 2       1 2   J 0 2   J 1 2  −  J 0 3   J 2    −  2   J 0   J 2  p q   k cos Δ ϕ + t sin Δ ϕ    |      =    2   4  p q   k cos Δ ϕ + t sin Δ ϕ    x 0 2       I  I M D 3     ∼ |   p 2  t k    J 0 2   J 1   J 2  +  1 2   J 0   J 1 3    +    2   4   J 1   J 2  p q   k cos Δ ϕ + t sin Δ ϕ    |      =  1  64   p   8 p t k +  2  q   k cos Δ ϕ + t sin Δ ϕ      x 0 3     



(A14)







As shown in Figure 6, the FH of CS-AMZM is reduced compared with the standard MZM. There are two reasons for the decrease in FH. Firstly, compared with the standard MZM, the FH of AMZM will be reduced, which is due to the reduction in the extinction ratio caused by the asymmetric interference. Secondly, after the introduction of the adjustable 1 × 2 beam splitter, compared with the IFH in Equations (A8) and (A14), less light is involved in the modulation due to the separation of part of the carrier, which results in a reduction in FH.




Appendix B. Derivation of Higher-Order Sidebands and Nonlinear Component


In the main text, we mentioned the computations of large signals and TH, which needs to consider the higher-order sidebands. The power of associated sidebands can be written as:


      ± 3  ω 1  , ± 3  ω 2    :    W 3  =  p 2    t + j k    J 0   J 3        ± 4  ω 1  , ± 4  ω 2    :    W 4  =  p 2    j t + k    J 0   J 4        ±   3  ω 1  +  ω 2    , ±   3  ω 1  −  ω 2    , ±   3  ω 1  −  ω 2      :    W  31   =  p 2    j t + k    J 1   J 3        ± 2    ω 1  +  ω 2    , ± 2    ω 1  −  ω 2      :    W  22   =  p 2    j t + k    J 2 2     



(A15)







The third-order nonlinear component of TH is:


     I  T H , 3     ∼  W 0   W 3 *  +  W 3   W 0 *  +  W 1   W 2 *  +  W 2   W 1 *       =  p 2  t k   2  J 0 3   J 3  +  J 0 2   J 1   J 2    +    2   2   J 3  p q   k cos Δ ϕ + t sin Δ ϕ        =  1  96   p   8 p t k +  2  q   k cos Δ ϕ + t sin Δ ϕ      x 0 3     



(A16)







The fifth-order nonlinear component of IMD3 is:


     I  I M D 3 , 5     ∼  W 2   W  21  *  +  W  21    W 2 *  +  W  21    W  11  *  +  W  11    W  21  *  +  W 1   W  22  *  +  W  22    W 1 *  +  W 3   W  11  *  +  W  11    W 3 *       +  W 1   W  31  *  +  W  31    W 1 *       = −  p 2  t k   2  J 0   J 1   J 2 2  + 2  J 0   J 1 2   J 3  +  J 1 3   J 2       



(A17)
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Figure 1. A schematic diagram of the single AMZM. 
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Figure 2. A schematic diagram of the single CS-AMZM. 
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Figure 3. Contour map of the (a) IFH, (b) ISHD, and (c) IIMD3 as a function of t2 and p2 when Δϕ = 7/8π. The dotted and solid black lines in (a) mark the zeros points of the ISHD and IIMD3, respectively. The white point marks the common zero points of ISHD and IIMD3. 
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Figure 4. (a) The zero points of SHD and IMD3 with different Δϕs. The orange line is the common zero points with different Δϕ. (b) The IFH as a function of Δϕ. 
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Figure 5. Simulation setup for CS-AMZM testing. 
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Figure 6. Spectrogram of (a) CS-AMZM and (b) MZM under ideal conditions. (c) Simulated SFDR results of the standard MZM and the proposed CS-AMZM. The dashed line shows the actual output power for large input power. 
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Figure 7. Tolerance of the CS-AMZM with the deviation of (a) p2 and (b) Δϕ. 
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Figure 8. Contour map of the photocurrent as a function of t2 and p2 at (a–c) x0 = 0.001 and (d–f) x0 = 1. 
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Figure 9. Output FH, SHD, and IMD3 powers versus input RF powers. 
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Figure 10. The process of finding the linear operating point: (a) VDC, (b) Δϕ, and (c) p2. 
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Figure 11. Spectrogram of (a) CS-AMZM and (b) MZM with losses and deviations. (c) Simulated SFDR results of the standard MZM and the proposed CS-AMZM. The dashed line shows the actual output power for large input power. 
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Table 1. Device parameters used to calculate the CS-AMZM.
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	Symbol
	Quantity
	Value





	PLD
	Laser power
	20 dBm



	η
	Detector responsivity
	0.7 A/W



	NF
	Noise floor
	−162 dBm/Hz



	Vπ
	Half-wave voltage
	4 V
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Table 2. Simulation settings used to calculate the CS-AMZM.
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	Quantity
	Value





	Bitrate
	2.5 × 1010 bit/s



	Time window
	2.56 × 1012 Hz



	Sample rate
	5.12 × 1010 s



	Number of samples
	131,072
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Table 3. Comparison of the reported modulators on TFLN platforms.
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	Platform
	Types
	Parameters that Need

to Be Controlled
	SFDR dB·Hz2/3
	Ref.





	Si/TFLN
	MZM
	1
	99.6
	[27]



	Si/TFLN
	MRM 1
	1
	98.1
	[19]



	etched TFLN
	Dual-Parallel-MZM
	5
	110.7
	[10]



	etched TFLN
	Ring-assisted-MZM
	3
	120.04
	[15]



	etched TFLN
	GAMIM 2
	2
	101.2
	[28]



	etched TFLN

(simulation)
	CS-AMZM
	3
	121.4
	This work







1 MRM: Micro-ring modulator. 2 GAMIM: Grating-assisted Michelson interferometer modulator.
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