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Abstract

:

Recently, lumped Mach-Zehnder Modulators (MZMs) have received renewed attention due to their potential for low power consumption and compact size. However, the practicality of lumped MZMs with conventional lumped electrodes (C−LEs) is limited by their lower electro−optical (EO) bandwidth. The reduction in EO bandwidth results from the inherent trade−off between EO bandwidth and half−wave voltage length product (   V π  L  ) within the C−LE architecture. This paper proposes a thin−film lithium niobate (TFLN)−based lumped MZM with capacitively−loaded lumped electrodes (CL−LEs). The purely linear EO effect of the LN eliminates the parasitic capacitance in the doped PN junction and enhances the EO bandwidth. Furthermore, the CL−LE structure can break the limitation between EO bandwidth and    V π  L   inherent in the C−LE design. Simulations show the proposed device achieves a high EO bandwidth of 32.4 GHz and a low    V π  L   of 1.15 V·cm. Due to the reduced capacitance and lower    V π  L  , the power consumption of the device is as low as 0.1 pJ/bit. Simulation results indicate that the open−eye diagrams are achieved at 64 Gb/s for 1.5 mm TFLN lumped MZM, with an ER of 2.97 dB. Consequently, the proposed device architecture substantially enhances the performance of lumped MZMs, showing promise for application in short−reach optical interconnects within data centers.






Keywords:


lumped; Mach-Zehnder modulators; lithium niobate; capacitively−loaded lumped electrodes












1. Introduction


Electro−optical (EO) modulators, as the main hardware in optical communication networks, are required to meet the requirements of low power consumption, low cost, and compact footprint [1,2,3]. Among the various modulator designs explored, the Traveling Wave Electrode Mach-Zehnder Modulator (TWE−MZM) features high modulation rates and broad optical bandwidth [4]. Nonetheless, the large footprint and high power consumption of the TWE−MZM reduces the integration density and increases the device cost. In contrast, the Micro−Ring Modulator (MRM) offers a more compact size and consumes less power [5]. However, the MRM faces challenges due to its restricted optical bandwidth, which renders its resonance severely sensitive to temperature fluctuations [6,7]. Modulators based on photonic crystals [8] and Bragg gratings [9] have also been reported. However, their application is limited by narrow optical bandwidth and a high sensitivity to fabrication errors.



Recently, there has been a renewed focus on lumped MZMs due to their potential for low power consumption and compact size [10,11,12,13,14,15,16,17,18,19,20,21,22]. Compared to the TWE, lumped electrodes act as capacitive elements that only consume energy during signal conversion, thus reducing the power consumption of the device [1,10]. Lumped MZMs combine the wide optical bandwidth of a Mach-Zehnder interferometer (MZI) with the compactness and energy efficiency of a lumped electrode [11]. However, their lower EO bandwidth hinders the practicality of lumped MZMs with conventional lumped electrodes (C−LEs) [11,12,13,14,15]. This reduced EO bandwidth is attributed to the intrinsic trade−off between EO bandwidth and the half−wave voltage length product (   V π  L  ) in the C−LE configuration. This trade−off limits the performance improvement of the device. Additionally, the silicon−based lumped MZMs suffer from increased parasitic capacitance due to doped PN junctions, further reducing their EO bandwidth [11,12,13,14,15,16,17,18,19,20]. Various efforts have been taken to increase the EO bandwidth, including the adoption of low output impedance [12] or switched capacitor drive circuits [13], equalizers [14,15], and predistortion techniques [16]. However, these approaches introduce additional power consumption, complexity, and costs. The lumped MZM on a thin−film lithium niobate (TFLN) platform with capacitively−loaded lumped electrodes (CL−LEs) is a promising solution [22]. The purely linear EO effect of the LN eliminates the parasitic capacitance in the doped PN junction and enhances the EO bandwidth. Furthermore, the CL−LE structure can break the limitation between EO bandwidth and    V π  L   inherent in the C−LE structure and enhance the device performance.



In this paper, we propose a TFLN lumped MZM with CL−LE. Simulation results show that the proposed device can achieve a high EO bandwidth of 32.4 GHz and a low    V π  L   of 1.15 V·cm. This is attributed to the fact that the CL−LE structure breaks the trade−off between EO bandwidth and    V π  L  . This work demonstrates an improvement in EO bandwidth for lumped MZMs. Thanks to the reduced capacitance and lower    V π  L  , the device exhibits low power consumption at 0.1 pJ/bit. Simulation results show that the device exhibits modulation rates up to 64 Gbps. Consequently, the proposed device architecture substantially enhances the performance of lumped MZMs, showing promise for application in short−reach optical interconnects within data centers.




2. Device and Principle


2.1. Device Layout


Figure 1a,b show the TFLN lumped MZM with C−LE structure and CL−LE structure, respectively. The modulator interfaces with an ultra−high numerical aperture (UHNA7) fiber, with a mode field diameter (MFD) of 3.2  μ m, through two LN edge couplers. A 1 × 2 multimode interferometer (MMI) ensures a 50:50 light splitting ratio. Light in the two modulation arms generates delayed and advanced phase shifts, resulting in intensity interference within the MMI. The proposed TFLN lumped MZM structure is based on X−cut LNOI wafers, which are characterized by a 600 nm thick LN layer on top and a 4.7  μ m thick oxygen−buried layer. The LNOI waveguide has a ridge width of 1.4  μ m, an etching depth of 0.3  μ m, and a bending radius of 125  μ m. The length of the device is 1.5 mm and the total length of the waveguide is 4 mm. Connection of the RF signal to the midpoint of the lumped electrode effectively halves the equivalent length and doubles the boundary frequency, as indicated by the formula: f = c/(4L  n RF  ) [1,13]. The effective refractive index   n RF   of the microwave signal in the LNOI modulator is 2.25 and the lumped electrode length L is 1.5 mm. This connection strategy increases the boundary frequency from 22.2 GHz to 44.4 GHz.




2.2. Theoretical EO Response


2.2.1. Electrical Cutoff Frequency


Generally, the EO bandwidth of lumped MZM is limited by the optical transit time and the RC constant of the device [10,12,21]. These two limitations are described separately below. Frequency−related variations in the parasitic parameters of devices cause a decrease in capacitor voltage, thereby limiting the EO bandwidth of the device. Figure 2a illustrates the configuration for driving a single arm of the lumped modulator. Figure 2b shows the Resistor−Inductor−Capacitor (RLC) equivalent circuit schematic. As shown in Figure 2b, feeding the RF signal from the center of the lumped electrodes effectively parallels two open transmission lines to the signal source.   R E  ,   L E  ,   G E  , and   C E   represent the resistance, inductance, conductance, and capacitance of the lumped electrodes, respectively. Meanwhile,   R S   and   C pad   represent the internal resistance of the signal source and the parasitic capacitance of the electrode pad, respectively. The RLGC parameters of the lumped electrode can be determined from the simulated S−parameters using the described method in [23]. Furthermore,   C pad   can be obtained from numerical software.



We evaluate the changes in the effective voltage (  V eff  ) across the capacitor, which influences the phase shift. The   V eff  /  V RF   ratio indicates the voltage transfer efficiency, with its frequency dependence illustrating the EO response due to the RC constant. The calculation results are shown in Figure 3a. The EO bandwidths, limited by the RC constant, are 17 GHz and 13 GHz for device lengths of 1.5 mm and 2 mm, respectively.




2.2.2. Optical Transit Time


Optical transit time is another factor limiting the EO bandwidth of lumped MZMs, due to the finite transit time of light from input to output, which cannot instantaneously respond to RF signal changes [12]. We assume that a voltage with a swing of   V RF   is applied to the lumped electrodes, which can be expressed by    V RF   e  j  ω RF  t    , where t denotes the time and   ω RF   denotes the modulating signal angular frequency. The frequency−dependent phase shift is given by:


    Δ φ (  ω RF  )   Δ φ ( 0 )   =  1  τ 0    ∫  0   τ 0    e  j  ω RF  t   d t  



(1)




where   τ 0   denotes the time required for optical transit through the length of the device, given by    τ 0  = L  n g  / c  . L,   n g  , and c are the device length, the refractive index of the optical group, and the speed of light, respectively. According to the definition of EO bandwidth [24], the EO bandwidth influenced by the optical transit time can be expressed as:


  S  21 op   (  ω RF  )  = 20  log 10      e  j  w RF   τ 0    − 1   j  w RF   τ 0      



(2)







The calculation results are shown in Figure 3b. For device lengths of 1.5 mm and 2 mm, the optical transit time limited EO bandwidths are 40 GHz and 30 GHz, respectively. The EO bandwidth, which accounts both the optical transit time and the RC constant, is illustrated by the dashed line in Figure 3b. The EO bandwidths for the 1.5 mm and 2 mm devices are 16 GHz and 12 GHz, respectively. Therefore, the simulation results show that the EO bandwidth is mainly limited by the RC constant.




2.2.3. Model Validation


To verify the accuracy of the model, we designed and fabricated a 2 mm long TFLN lumped MZM. The test results for the EO bandwidth of the device are shown in Figure 4, indicating a tested 3 dB EO bandwidth of 11 GHz. In Figure 4, the orange line depicts the calculated value for the EO model, demonstrating a 3 dB EO bandwidth of 12 GHz. The agreement between experimental results and theoretical calculations confirms the accuracy of the EO model. Therefore, we can use the EO model to qualitatively characterize the EO response of TFLN lumped MZMs.






3. EO Bandwidth Enhancement


3.1. Limitations of Conventional Lumped Electrodes


In recent years, various efforts have been taken to improve the EO bandwidth of lumped MZMs. These efforts can be divided into several main categories. Firstly, the EO bandwidth can be increased by employing low output impedance drive circuits [12] or switched capacitor drive circuits [13]. However, achieving low output impedance in driver circuits presents significant complexity and challenges. In switched capacitor drive circuits, series capacitors reduce voltage across the modulator electrodes. Secondly, incorporating a terminating resistor can alleviate the rapidly decreasing frequency response of the capacitor at low frequencies, thus extending the EO bandwidth [12,17]. However, parallel resistors decrease the input impedance and reduce the electrode voltage. Lastly, implementing predistortion techniques [16] or RC equalizers [14,15] can also improve the EO bandwidth of the device. However, these approaches introduce additional power consumption, complexity, and costs. Therefore, optimizing the design of lumped MZMs to increase the EO bandwidth presents advantages such as simplicity, cost−effectiveness, and reduced power consumption compared to the above techniques.



The design optimization of the lumped MZM mainly involves RLGC parameters. Typically, the EO bandwidth is minimally influenced by resistance and conductance. Consequently, our study focuses primarily on the impact of inductance and capacitance on the EO bandwidth. Figure 5a illustrates the relationship between the capacitance per unit length and the EO response. Simulation results indicate that lower capacitance enhances the LC series resonance effect, thereby increasing the EO bandwidth. Consequently, the EO bandwidth increases from 11.8 GHz to 39 GHz as capacitance decreases from 150 pF/m to 15 pF/m. Figure 5b illustrates the relationship between inductance per unit length and the EO response. Simulation results indicate that increased inductance enhances the LC series resonance effect, enhancing the high−frequency component of the EO response, which in turn expands the EO bandwidth. Therefore, increasing the inductance from 300 nH/m to 800 nH/m enhances EO bandwidth from 12 GHz to 14 GHz. However, a further increase in inductance from 800 nH/m to 1200 nH/m slightly reduces the EO bandwidth. The reduction is attributed to the LC resonance frequency falling below the RC cutoff frequency, which constricts the EO bandwidth.



The above analysis indicates that reducing the capacitance and appropriately increasing the inductance of the modulator can improve the EO bandwidth. In practical designs, the structural parameters of modulator electrodes influence the parasitic capacitance and inductance. In a Ground−Signal−Ground (GSG) configuration, lumped electrodes can be modeled as two parallel metallic conductors. Their inductance and capacitance can be derived using the equations below [16]:


  C =    ϵ 0   ε r  S   4 π k d   × l  



(3)






  L =    μ 0  l   2 π    l n   d  w + t    +  3 2    



(4)




where   ε 0  ,   μ 0  , and   ε r   denote the permittivity in vacuum, the magnetic permeability in vacuum, and the relative permittivity of the medium, respectively. S, d, L, w, and t correspond to the GSG electrode relative area, electrode gap, device length, signal electrode width, and electrode thickness, respectively. Equations (3) and (4) illustrate that expanding the electrode gap and narrowing the electrode width leads to higher inductance and lower capacitance. These adjustments favor the expansion of the EO bandwidth.



Figure 6a presents a TFLN lumped MZM with a C−LE. The insets illustrate the optical mode and RF electric field distributions across the cross−section of the modulation arm, respectively. Figure 6c,d show the signal electrode width and electrode gap versus capacitance and inductance per unit length for the C−LE configuration, respectively. When increasing the electrode gap from 2  μ m to 10  μ m, the capacitance decreases from 263 pF/m to 116 pF/m and the inductance increases from 298 nH/m to 471 nH/m. Concurrently, the EO bandwidth increases from 6.3 GHz to 15.9 GHz, which is consistent with the conclusions drawn from Equations (3) and (4). However, the electrode gap also affects the    V π  L  , requiring a trade−off between EO bandwidth and    V π  L  . Figure 6b shows that an increased electrode gap results in a higher    V π  L  . Therefore, to balance    V π  L   and EO bandwidth, the electrode gap must not be excessively large. The designed device has an electrode gap of 7  μ m and a signal electrode width of 10  μ m, marked with a white cross in Figure 6. Simulations reveal that for the 2 mm device, the EO bandwidth and    V π  L   are 13.6 GHz and 2.56 V·cm, respectively. The relatively large capacitance ( 0.3 pF) introduced by the electrodes results in a lower EO bandwidth [22]. Therefore, TFLN lumped MZMs with C−LE structure encounter an intrinsic trade−off between EO bandwidth and    V π  L  , which constrains enhancements in the EO bandwidth.




3.2. Capacitively−Loaded Lumped Electrodes


It is crucial to design an electrode structure that minimizes the capacitance of the device while preserving a low    V π  L  , thereby breaking the trade−off between    V π  L   and EO bandwidth [25,26,27,28,29]. The CL−LE structure, illustrated in Figure 7a, offers a promising solution. In the CL−LE structure, capacitance is primarily determined by the gap between the wide, unloaded electrodes without T−rails, whereas    V π  L   depends on the gap between the T−rails [26]. Therefore, it is feasible to enlarge the gap between the unloaded electrodes while keeping the gap between the T−rails constant. This approach allows for preserving a low    V π  L   while reducing the capacitance of the device.



Figure 8d,e depict the correlation between the unloaded electrode gap (S) and the unloaded signal electrode width (W) with the capacitance and inductance per unit length of the device, respectively, when the CL−LE structure is employed. Simulation results show that when S is extended from 17  μ m to 107  μ m, the capacitance decreases from 86.8 pF/m to 64.9 pF/m, and the inductance increases from 532 nH/m to 878 nH/m. Concurrently, the EO bandwidth increases from 28.1 GHz to 33.1 GHz at a device length of 1.5 mm, as shown in Figure 8f. Moreover, maintaining a constant gap between the T−rails ensures a low    V π  L   for the device. Table 1 presents the parameters of the designed TFLN lumped MZM using the CL−LE structure, marked by a white cross in Figure 8. In the design of the CL−LE structure, we avoided selecting the maximum electrode spacing (S) and the minimum signal electrode width (W). This decision was made because such parameter combinations would lead to a significant overshoot in the EO response curve, as depicted in Figure 9a, distorting the signal. Considering the EO bandwidth and signal quality, we chose electrode spacings (S) of 57  μ m and signal electrode widths (W) of 10  μ m. To minimize the    V π  L   of the device, the gap between T−rails was chosen to be 3  μ m. A 100 nm thick silica buffer layer was used to reduce the ohmic absorption loss of light by the metal as shown in Figure 9b. At this configuration, ohmic absorption loss drops to 3.96 dB/cm. Nevertheless, given the relatively short modulation region ( 1.5 mm), the incremental increase in ohmic absorption loss is a minimal 0.6 dB. To reduce the capacitance of the device, the electrodes were not covered with silica cladding [27]. Figure 8a,b compare the capacitance and inductance per unit length for the C−LE and CL−LE structures, respectively. Simulation results show that the CL−LE structure can greatly reduce the capacitance of the device. Figure 8c shows that the EO bandwidth can be increased from 13.6 GHz to 24.5 GHz by using a CL−LE structure at a device length of 2 mm. Furthermore, the EO bandwidth can be increased to 32.4 GHz when the device length is 1.5 mm. Additionally, the smaller gap between T−rails results in a lower    V π  L   of 1.15 V·cm for the device. Therefore, the EO bandwidth can be significantly increased and the    V π  L   reduced by utilizing the CL−LE structure. This is attributed to the fact that the CL−LE structure breaks the trade−off between EO bandwidth and    V π  L  . Notably, integrating the CL−LE structure into the lumped MZMs aims to achieve both reduced capacitance and enhanced modulation efficiency. However, the introduction of the CL−TWE structure into the LN TWE−MZM aims to minimize microwave losses and preserve high modulation efficiency [25,26,27,28,29]. There is a difference in principle between them.




3.3. Energy Consumption and Eye Diagrams


The lumped electrodes can be viewed as a capacitive device that consumes energy only during signal conversion. The energy consumption per bit   E lumped   of the lumped modulator can be calculated using the following equation [11]:


   E lumped  =   C  V  p p  2     M 2  l o  g 2  M    ∑  i = 0   M − 1    M − i     i  M − 1    2   



(5)




where C represents the capacitance of the device and M represents the modulation order.



Figure 10a shows the calculated   E lumped   of the TFLN lumped MZM with C−LE structure when the phase difference is 2.5 π  (ER∼3.5 dB). While expanding the electrode gap decreases capacitance, the increase in voltage leads to a quadratic increase in power consumption. Therefore, a wider electrode gap results in higher energy consumption. With an electrode gap of 7  μ m and a signal electrode width of 10  μ m, the   E lumped   is 0.72 pJ/bit. Figure 9b shows the   E lumped   of TFLN lumped MZMs with CL−LE structure. Thanks to the lower capacitance and reduced    V π  L  , the   E lumped   of the CL−LE structure is significantly lower than that of the C−LE structure. The TFLN lumped MZM designed with the CL−LE structure achieves a   E lumped   of 0.1 pJ/bit. The adoption of a segmented lumped modulating structure can further decrease   E lumped   while maintaining high bandwidth [30,31].



We characterize the large−signal properties of the TFLN lumped MZM. Figure 10 presents simulated eye diagrams for TFLN lumped MZMs featuring different electrode configurations. Pseudo−random sequences are used as modulation signals with a pattern length of    2 15  − 1  . ASE noise and random jitter have been added to the RF signals to simulate practical modulated waveforms. Here, the ASE features a power spectral density of 1 ×   10  − 13    W/Hz, and the random jitter exhibits an amplitude of 0.02 unit intervals (UI) [32]. A continuous wave laser is used as the light source with a linewidth of 2 MHz, a power of 14 dBm, and a wavelength of 1550 nm. The PIN detector is characterized by a responsivity of 0.6 A/W, dark current of 5 nA, and thermal noise of   1 E − 22 A /  Hz  0.5    . The RC frequency response and optical transmission time effects are modeled by an RC low−pass filter and a fourth−order Bessel filter, respectively [16]. Figure 10c presents the simulated eye diagram for a 2 mm long TFLN lumped MZM with a C−LE structure. Simulation results show clear eye diagrams at 10 Gbps and 25 Gbps rates with extinction ratios of 3.27 dB and 2.9 dB, respectively. The eye diagram at 25 Gbps shows slight degradation consistent with the modeled EO bandwidth analysis (∼13.6 GHz). Figure 10d demonstrates that a TFLN MZM of the same length, utilizing a CL−LE structure, achieves a higher transmission rate. The eye diagram remains open up to 56 Gbps, with an extinction ratio of 2.84 dB. For a 1.5 mm long device, the eye can stay open for up to 64 Gbps with an extinction ratio of 2.97 dB. Therefore, the TFLN lumped MZM with a CL−LE structure offers superior eye quality and reduced energy consumption.





4. Discussion


Table 2 summarizes the currently reported performance parameters of lumped MZMs on silicon and TFLN platforms, including our research. Compared with previously reported devices, our proposed device eliminates the parasitic capacitance due to the doped PN junction. In addition, the CL−LE structure minimizes the device capacitance while maintaining a low    V π  L  , thus breaking the trade−off between    V π  L   and EO bandwidth. As a result, the device achieves a high EO bandwidth of 32.4 GHz and a low    V π  L   of 1.15 V·cm. Due to the reduced capacitance and lower    V π  L  , the power consumption of the device is as low as 0.1 pJ/bit. Thus, the proposed device structure greatly improves the performance of lumped MZM in terms of EO bandwidth,    V π  L  , and power consumption. Finally, it is feasible to use a segmented lumped modulator structure to further reduce the power consumption while maintaining a high EO bandwidth.




5. Conclusions


In this paper, we propose a novel TFLN lumped MZM featuring CL−LE structure. Simulation results demonstrate that the device achieves a high EO bandwidth of 32.4 GHz and a low    V π  L   of 1.15 V·cm. This is attributed to the CL−LE structure breaking the inherent trade−off between    V π  L   and EO bandwidth of the C−LE. Thanks to the reduced capacitance and lower    V π  L  , the device exhibits low power consumption at 0.1 pJ/bit. Furthermore, simulation results indicate the device achieves an open eye diagram at a data rate of 64 Gbps and an extinction ratio of 2.97 dB. Consequently, the proposed device architecture substantially enhances the performance of lumped MZMs, showing promise for application in short−reach optical interconnects within data centers.
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Figure 1. TFLN lumped modulators with different electrode structures (a) Conventional lumped electrodes (C−LE) and (b) capacitively−loaded lumped electrodes (CL−LE). 
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Figure 2. (a) Schematic drive diagram of a single modulation arm. (b) The RLC equivalent circuit model of the TFLN lumped MZM. 
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Figure 3. (a) Calculated 20log10 (  V eff  /  V RF  ) as a function of frequency for different device lengths, and the gray dashed line indicates the −3 dB bandwidth. (b) Calculated   S  21 op   ( ω )    and the EO response of the device. The solid line indicates the EO response due to the optical transmission time, the dashed line indicates the EO response considering both the RC constant and the optical transmission time, and the gray dashed line indicates the −3 dB bandwidth. 
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Figure 4. EO response for testing and simulation. The blue and red lines indicate the tested EO response, the orange dashed line indicates the EO response calculated by the EO model, and the pink dashed line indicates the −3 dB bandwidth. 
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Figure 5. (a) Capacitance per unit length versus EO response. (b) Inductance per unit length versus EO response. The gray dashed line indicates the −3 dB bandwidth. 
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Figure 6. (a) TFLN lumped MZM with C−LE structure; inset shows optical mode distribution and RF electric field distribution in the modulator. (b) Optical ohmic absorption loss,    V π  L   versus electrode gap. The relationship between electrode gap, and signal electrode width, and (c) capacitance per unit length, (d) inductance per unit length, and (e) EO bandwidth when C−LE structure is used. 
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Figure 7. (a) TFLN lumped MZM with CL−LEs; the inset shows an enlarged view of the electrodes. (b) RF electric field distribution and (c) optical mode distribution on the cross−section of the modulation arm. 
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Figure 8. Comparison between (a) capacitance per unit length, (b) inductance per unit length, and (c) EO bandwidth with C−LE and CL−LE structures. The relationship between electrode gap S, signal electrode width W, and (d) capacitance per unit length, (e) inductance per unit length, and (f) EO bandwidth when CL−LE structure is used. The arrows in the figure indicate the change in capacitance, inductance, and −3 dB EO bandwidth by the modulator from a C−LE structure to a CL−LE structure. 
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Figure 9. (a) EO response for different signal electrode widths (W) and electrode gaps (S). (b)    V π  L   and optical loss versus electrode gap (g) for different silica buffer layer thicknesses. Point A corresponds to the case of 7  μ m spacing in the C−LE structure and point B corresponds to the case of 3  μ m spacing in the CL−LE structure. 
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Figure 10. Energy consumption per bit   E lumped   of TFLN lumped modulators for (a) C−LE structure and (b) CL−LE structure. Simulated eye diagrams of TFLN lumped MZMs at different rates with (c) 2 mm long C−LE, (d) 2 mm long CL−LE, and (e) 1.5 mm long CL−LE. 
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Table 1. Parameters of the CL−LE structure.
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	Parameter
	Value
	Parameter
	Value





	W
	10  μ m
	g
	3  μ m



	S
	57  μ m
	r
	2  μ m



	c
	5  μ m
	h
	3  μ m



	d
	45  μ m
	p
	50  μ m










 





Table 2. Performance comparison of lumped MZMs on Si and TFLN platforms.
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	Implementation Details
	Simulation Bandwidth (GHz)
	Measurement Bandwidth (GHz)
	Bit Rate (Gb/s)
	Length
	Reference





	SOI Lumped
	13.5
	7.7
	PAM4∼106 a
	1.6 mm
	[11]



	SOI Lumped
	10.1
	8.7
	NRZ∼25
	1.4 mm
	[12]



	SOI Lumped
	5
	3
	PAM4∼36 b
	1.5 mm
	[13]



	SOI Lumped
	N.A
	6.2
	PAM4∼50 c
	1.5 mm
	[16]



	SOI Lumped
	32 d
	26
	NRZ∼28.1
	1.1 mm
	[17]



	SOI Lumped
	18
	14
	NRZ∼25
	2 mm
	[17]



	SOI Lumped
	N.A
	13
	NRZ∼25
	1.1 mm
	[18]



	SOI Lumped
	N.A
	8.9
	NRZ∼30
	1.5 mm
	[20]



	LNOI Lumped
	N.A
	15
	NRZ∼22
	2 mm
	[22]



	LNOI Capacitively−Loaded Lumped
	24.5
	N.A
	NRZ∼56 *
	2 mm
	This Work



	LNOI Capacitively−Loaded Lumped
	32.4
	N.A
	NRZ∼64 *
	1.5 mm
	This Work







a DSP processing. b Switched capacitor drive circuit. c Predistortion techniques. d Comb−like electrode. * Simulation values.
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