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Abstract

:

According to different transmission distances, application scenarios of a data center mainly include intra- and inter-data center optical interconnects. The intra-data center optical interconnect is considered as a few kilometers optical interconnect between servers and racks inside a data center, which accounts for nearly 80% of data traffic of a data center. The other one, inter-data center optical interconnect, is mainly applied in tens of kilometers data transmission among different data centers. Since data exchange in data centers generally occurs between many servers and racks, and a lot of transmitter and receiver components are required, optical interconnects become highly sensitive to component costs. In this paper, we firstly review the development and applications of mainstream transmitter components (e.g., VCSEL, DML, EML, MZM, and monolithic integrated transmitter) and receiver components (e.g., single-end photodetector, Kramers-Kronig receiver, Stokes vector receiver, and monolithic integrated receiver), which have been widely applied in short-reach transmission systems. Then, two types of integrated solutions including simplified detection scheme and transceiver integration scheme are presented in detail. Finally, we summarize and discuss the technological and component options for different transmission distances. We believe that monolithic integrated components, especially transceiver integration, will become a powerful solution for next-generation high-speed short-reach transmission systems.
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1. Introduction


In recent years, with the applications of various multimedia and data services (e.g., Internet of Things, cloud computing, remote surgery, the construction of 5G, and beyond 5G networks), global network traffic has presented explosive growth over the past decade [1]. Since massive data needs to be stored, transmitted, and processed in a data center, the corresponding traffic also grows rapidly. As the intra- and inter-data center optical interconnects in data center application scenarios [2] require a large number of transmitter and receiver components between servers and racks, the component cost plays a critical role in optical interconnects [3].



Even though the coherent solution with IQ modulation and coherent detection beyond 100-Gbit/s is relatively mature, its transmitter and receiver components with high cost and large footprint size cannot be directly transplanted to short-reach transmission systems. Considering the cost and footprint size, 100-Gbit/s short-reach transmission systems prefer intensity modulation and direct detection (IM/DD) technology [4]. In recent years, numerous 100-Gbit/s IM/DD-based solutions with different transmitter and receiver components have been demonstrated. In these solutions, the transmitter components mainly are vertical-cavity surface-emitting laser (VCSEL) [5,6,7], directly modulated laser (DML) [8,9], Mach-Zehnder modulator (MZM) [10,11], integrated electro-absorption modulated laser (EML) [12,13,14], and monolithic integrated transmitter [15,16]. The receiver components usually contain single-end photodetector (PD), Kramers-Kronig receiver [17,18], Stokes vector receiver [19,20,21], and monolithic integrated receiver [22,23]. Here, it is commonly considered that monolithic integrated transmitter and receiver under low-cost and small footprint size have great potential to be the candidate transmitter and receiver component for next-generation high-speed short-reach transmission systems.



In order to further increase the transmission capacity of IM/DD systems, advanced multi-level modulation formats, polarization division multiplexing, and powerful digital signal processing algorithms have been introduced to support high-speed short-reach transmission systems [24]. However, when a lane rate increases from 100-Gbit/s to 400-Gbit/s, a smooth transition from the IM/DD technology to digital coherent technology will be in progress; of course, there are still many challenges. The conventional transmitter and receiver components in digital coherent technology are not cost-effective [25], so that these components cannot be directly transplanted to short-reach transmission systems. In addition to the digital coherent technology and the traditional IM/DD technology, some advanced direct detection technologies such as Kramers-Kronig receiver [17,18] and Stokes vector receiver [19,20,21] have been proposed and studied extensively. Since these techniques can reconstruct the complex domain of the signal, rate-distance product can be further improved by combing impairments compensation algorithms and advanced modulation technology. These advanced techniques can be treated as a compromise between the digital coherent technology and the traditional IM/DD technology. Recently, an effective solution, a transceiver integration scheme based on the digital coherent technology [26,27], has been reported and shows the potential to reduce cost and footprint size of the transmitter and receiver components dramatically. Subsequently, the transceiver integration scheme for multiple parallel IM/DD channels [28] has also been demonstrated.



The rest of this paper is organized as follows. We firstly review mainstream transmitter components (e.g., VCSEL/DML/EML/MZM/monolithic integrated transmitter) in Section 2, and then review mainstream receiver components (e.g., single-end PD /Kramers-Kronig receiver/Stokes vector receiver/monolithic integrated receiver) in Section 3. Next, Section 4 describes a simplified detection scheme and two transceiver integration schemes under direct and coherent detections. In Section 5, the technological and component options for different transmission distances are discussed. Finally, our conclusions and outlook are summarized in Section 6.




2. Transmitter for Short-Reach Transmission Systems


Unlike long-haul transmission systems that prefer to use expensive IQ modulators to obtain high-speed transmission rate, short-reach transmission systems are very sensitive to component cost because these systems are often used in a data center, enabling data exchange between many servers and racks [3]. Thus, low-cost IM/DD technology has been firstly considered for 100-Gbit/s short-reach transmission systems. In this section, we review recent applications of the five types of transmitters (e.g., VCSEL, DML, EML, MZM, and monolithic integrated transmitter) in IM/DD systems.



2.1. Vertical-Cavity Surface-Emitting Laser


Multimode (MM) VCSEL together with multimode fiber (MMF) have been widely used in short-reach optical interconnects, especially in transmission distances less than 300 m [24,29]. For MM-VCSEL, a record 3-dB modulation bandwidth of 30-GHz had been reported with low threshold current and high energy efficiency [30]. As shown in Figure 1a, the MM-VCSEL started to work when the voltage exceeded 1.5-V and the threshold current reached 0.25-mA. The optical spectrum at a bias current of 2-mA was inserted in Figure 1a. The small-signal modulation responses at different bias currents (e.g., 1-mA, 1.3-mA, 2-mA, and 4.1-mA) were depicted in Figure 1b. The measured modulation response at a bias current of 4.1-mA can reach the highest bandwidth 30-GHz ever reported. Owing to the small oxide aperture of the MM-VCSEL, the resonance frequency fr increased rapidly with the square root of current Ib-Ith at a rate of 17.5-GHz/mA1/2, reaching a maximum value of 27-GHz, as shown in the illustration of Figure 1b. Similarly, 3-dB modulation bandwidth f3dB increased rapidly with the square root of current Ib-Ith at a rate of 20.6-GHz/mA1/2, reaching a value of 25 GHz already at 1.8-mA. In here, D-factor was defined as a rate factor consisting of resonance frequency fr and square root of current Ib-Ith. MCEF was the modulation current efficiency factor, which was a rate factor consisting of 3-dB bandwidth f3dB and square root of current Ib-Ith. At present, various beyond 100-Gbit/s MM-VCSEL-based short-reach transmission solutions have been reported [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45]. R. Puerta et al. demonstrated 107.5-Gbit/s MultiCAP short-reach transmission over 10-m OM4 MMF [31]. S. A. Gebrewold et al. reported on the transmission of 108-Gbit/s PAM-8 signal over 25-m OM3 MMF [32]. J. Lavrencik et al. utilized an unpackaged MM-VCSEL to realize beyond 168-Gbit/s PAM-4 data transmission over 50-m OM5 [35]. Subsequently, T. Zuo et al. experimentally demonstrated 112-Gbit/s duobinary PAM-4 short-reach optical interconnects with a 200-m MMF link [36], and then the transmission rate was further increased to 200-Gbit/s [37]. For these schemes, mode dispersion resulting in severe inter-symbol interference (ISI) was considered to be the main limiting factor in terms of high-speed transmission rate and long-haul transmission distance. Here, one effective solution was to apply single-mode (SM) VCSEL to reduce the number of transverse modes. Compared to the MM-VCSEL-based systems, the SM-VCSEL combining MMF and single-mode fiber (SMF) can improve system performance and support more than a few kilometers transmission reach [39,40,41,42,43,44,45]. In addition, since the light direction of VCSEL laser output is perpendicular to the substrate, it is particularly convenient for array integration (i.e. multiple VCSEL lasers can be arranged in parallel in the direction perpendicular to the substrate). Here, the recent applications of SM-/MM-VCSEL in beyond 100-Gbit/s per lane data transmission are summarized in Table 1.




2.2. Directly Modulated Laser


At transmitter side of short-reach transmission systems, another low-cost light source, DML with high output power and small footprint size, is more desirable than other externally modulated components. In recent years, in order to support 100-Gbit/s even beyond 100-Gbit/s transmission systems, the modulation bandwidth of DML is required to increase from commercial 10-GHz to higher bandwidth. Here, an advanced modulation bandwidth of 55-GHz was developed using photon-photon resonance and detuned-loading effects, and it is demonstrated in 112-Gbit/s PAM-4 system [46]. As shown in Figure 2a, the normalized S21 amplitude modulation responses for the bias range from 10-mA to 36.2-mA at 25 °C were measured, and the 3-dB bandwidth of 55-GHz was obtained at 36.2-mA bias condition. The peak of the normalized S21 amplitude modulation response can be observed around 50-GHz. In addition, a wider frequency modulation bandwidth about 65-GHz was depicted in Figure 2b, which can prove that the DML can work in such high frequency modulation. Thanks to the photon-photon resonance, the bandwidth can be further boosted beyond 100-GHz for a membrane short-cavity DR laser on a SiC substrate [47]. Nowadays, there are a variety of DML-based high-speed data transmission schemes reported in C- or O-band transmission systems. D. Li et al. experimentally demonstrated 4 × 96-Gbit/s PAM-8 transmission over 15-km SMF by using four O-band DMLs (1269.54-nm, 1290.10-nm, 1309.67-nm, and 1329.12-nm) with the narrowest 3-dB bandwidth of 13.5-GHz [48]. Z. Xu et al. utilized a 16-GHz C-band DML to realize 100-Gbit/s PAM-4 short-reach data transmission over 15-km SMF with only post-equalization [9]. Also based on O-band DML, W. Yan et al. demonstrated 117-Gbit/s DMT over 40-km and 101-Gbit/s DMT over 80-km transmissions [49]. Y. Gao et al. applied 28-GHz O-band DML to achieve 112-Gbit/s single-carrier, single-polarization PAM-4 short-reach transmission [50]. Furthermore, W. Wang, et al. proposed a simple and cost-effective packaging compensation method to enhance the resonance of the DML module at high frequency so that transmission distance can be increased to 40-km [8]. Recently, beyond 200-Gbit/s, DML-based data transmission schemes also had been widely reported [47,51,52,53]. S. Yamaoka et al. reported a line rate of 256-Gbit/s PAM-4 transmission over 2-km SMF based on beyond 100-GHz DML laser [47], and this group further demonstrated 325-Gbit/s and 321.24-Gbit/s at back-to-back (BTB) and after 2-km SMF link [51]. D. Che et al. designed a short-cavity 54-GHz O-band DBR laser integrated with a short semiconductor optical amplifier (SOA) section, and demonstrated a line rate of 240-Gbit/s PAM-8 transmission over 10-km SMF link [52]. Recently, a fast data transmission of line rate 368.8-Gbit/s over 15-km SMF in the O-band was demonstrated [53]. Here, the recent applications of DML in beyond 100-Gbit/s per lane data transmission are summarized in Table 2. Besides intensity modulation, some groups had been exploring to utilize modulation-dependent frequency chirp of DML to generate phase modulation alone with the intensity for further improving transmission capacity [54,55]. In conclusion, we believe that DML has great potential to be used in 100-Gbit/s or even higher speed short-reach transmission systems with a few to tens of kilometers transmission distance.




2.3. LiNbO3 Mach-Zehnder Modulator


In the early development of direct modulation components, bandwidth limitation may be the main obstacle to realize high-speed transmission rate. The external modulation component, LiNbO3 MZM modulator, has been extensively reported in 100-Gbit/s and beyond 100-Gbit/s short-reach transmission systems [56,57,58,59,60]. P. Gou et al. applied artificial neural networks as signal equalization technology to realize 120-Gbit/s PAM-8 10-km transmission [56]. L. Zhang et al. achieved beyond 100-Gbit/s single-sideband (SSB) DMT transmission over 80-km SMF assisted by dual-drive (DD) MZM [57]. H. Mardoyan et al. demonstrated 168-Gbit/s PAM-4 generation and C-band 1-km transmission [58]. Moreover, based on Tomlinson-Harashima precoding, Q. Hu et al. reported 168-Gbit/s PAM-4 transmission over 2-km SMF with 33-GHz brick-wall bandwidth limitation [59]. To extend transmission distance, Q. Zhang et al. used a DDMZM to generate chromatic dispersion (CD) pre-compensated signal and achieve 128-Gbit/s 80-km transmission [60]. Recently, various beyond 200-Gbit/s transmission schemes have been demonstrated as listed later [61,62,63,64,65,66,67]. S. Yamamoto et al. proposed a simple nonlinear trellis-coed-modulation scheme to realize spectral shaping for a 255-Gbit/s PAM-8 transmissions system over 10-km SMF under 20-GHz component bandwidth limitation without any optical amplifier [61]. F. Buchali et al. presented 200-Gbit/s PAM4 40-km dispersion management transmission with 14-GHz analog to digital converter (ADC) bandwidth [62]. Furthermore, probability shaping modulation format was also introduced to achieve better transmission performance. J. Zhang et al. reported single-lane 280-Gbit/s PS-PAM-8 transmission over 10-km SMF link based on pre-equalization and clipping technique [67]. The recent applications of MZM under beyond 100-Gbit/s per lane have been summarized as shown in Table 3. As mentioned above, LiNbO3 MZM modulator with a large modulation bandwidth and no frequency chirp effect had been widely applied in various beyond 100-Gbit/s short-reach transmission systems, but the component cost and power consumption were still considered as the limiting factors. In recent years, combining the advantages of LiNbO3 MZM modulator, some groups are exploring various integrated MZM solutions to reduce footprint size, power consumption, and cost to meet the demands of low-cost and power-efficient short-reach transmission systems under tens of kilometers transmission distance.




2.4. Electro-Absorption Modulated Laser


An EML, which monolithically integrates a distributed feedback laser and an electro-absorption modulator on one chip, has been studied and applied in short-reach transmission systems. EML takes the advantages of DFB laser and the excellent modulation property of an external modulator. Therefore, EML can offer higher tolerance to CD and present lower frequency chirp compared with DML. Based on the above advantages, the EML-based systems can achieve higher transmission rate and longer transmission distance than DML-based systems. Meanwhile, EML may present smaller footprint size, lower power consumption, and lower cost than that of MZM. The application of EML had been demonstrated in various beyond 100-Gbit/s verification experiments [68,69,70,71,72,73,74,75,76,77,78]. K. Wang et al. utilized an 18-GHz O-band EML to realize 100-Gbit/s PAM-4 signal transmission over an 80-km SMF link [68]. In addition, K. Zhong et al. demonstrated an amplifier-less transmission of a single lane 112-Gbit/s PAM-4 signal over 40-km SMF using 25-GHz O-band EML at 7% HD-FEC threshold of 3.8 × 10−3 [70]. C. Chuang et al. designed a novel convolutional neural network-based nonlinear classifier to achieve lower bit error rate (BER) performance 3.5 × 10−6 under the same bitrate and distance [71]. Furthermore, W. Wang et al. experimentally presented a single-wavelength single-polarization 35-GHz-class commercial EML-based 214-Gbit/s PAM-4 signal transmission [74]. Based on pre-equalization and clipping technique, J. Zhang et al. reported a single-lane C-band EML-based 260-Gbit/s PS-PAM-8 signal transmission over 1-km NZDSF link [75]. In order to achieve higher transmission rate, researchers further explored to enhance the bandwidth of EML. Until now, the EML monolithically integrating a distributed feedback laser and a traveling-wave electro-absorption modulator (DFB-TWEAM) was reported as the maximum bandwidth of 100 GHz [13]. Figure 3a illustrated the DFB-TWEAM and biasing schema. The small signal modulation responses (electrical reflection S11 and electro-optic S21) of DFB-TWEAM were measured as shown in Figure 3b,c. It can be observed that the 3-dB bandwidth was greater than 100-GHz. The applications about the monolithically integrated C-band DFB-TWEAM have been reported in 204-Gbit/s OOK [76], 200-Gbit/s PAM-4 [77], and 200-Gbit/s DMT [78] transmission systems. The recent applications of EML in beyond 100-Gbit/s per lane data transmission have been summarized as shown in Table 4. These results denote that EMLs would have great potential to be used in low-cost and energy-efficient beyond 100-Gbit/s short-to-medium reach transmission systems, and may be a potential candidate for the next-generation 400-Gbit/s, even 800-Gbit/s data transmission systems.




2.5. Monolithic Integrated Transmitter


Compared with other discrete transmitter components, a monolithic integrated transmitter with the characteristics of lower power consumption, smaller size, lower cost, and higher reliability has shown great potential in short-reach even in metro transmission systems. Currently, mainstream monolithic integration technologies can be divided into two categories, including InP-based monolithic integration and silicon photonics (SiP). In addition, the use of InP-based monolithic integration transmitter has been widely explored to achieve high-speed and power-efficient signal transmission. For example, S. Lange et al. firstly reported a record 3-dB bandwidth up to 54-GHz InP-based DFB-MZM transmitter [15], and this was demonstrated in the 100-Gbit/s NRZ, 200-Gbit/s PAM-4 and 300-Gbit/s PAM-8 transmission systems with 1-kilometer distance. In addition, H. Yamazaki et al. presented 333-Gbit/s DMT transmission enabled by an 80-GHz C-band InP-based MZM over 20-km dispersion-compensated link [16]. Another attractive candidate, SiP, has the advantages of compatibility with complementary metal-oxide-semiconductor (CMOS) technology with small size and low loss, although many have questioned the intrinsic bottlenecks of the platform regarding modulator bandwidth at present. Several high-speed SiP transmitters have been reported for beyond 100-Gbit/s optical interconnects [15,16,79,80,81,82,83,84,85,86,87,88,89,90,91]. M. Li et al. experimentally achieved single lane 112-Gbit/s PAM-4 transmission over 1-km, 2-km, and 10-km SMF links based on 3-dB electro-optical bandwidth of beyond 50-GHz silicon MZM [79]. Furthermore, based on SiP-based DD traveling-wave (TW) MZM, F. Zhang et al. demonstrated ultra-high-speed optical interconnects with single-lane bit rates of 176-Gbit/s PAM-4 [81] and 200-Gbit/s PAM-6 [82] for 1-km SMF transmission. Furthermore, this group further reported high baud-rate and long-haul transmission with SSB-PAM-N signal [83,84]. To further generate high baud-rate PAM-4 signal in optical domain, multi-electrode MZM (ME-MZM) [85] has been studied and shown better transmission performance compared to a traditional single electrode TW-MZM [86] at O-band. In addition, H. Mardoyan et al. reported a net rate of 222-Gbit/s OOK signal transmission over 200-m SMF link assisted by a small plasmonic-organic hybrid (POH) MZM, while the design cannot be entirely fabricated in commercial SiP processes [87]. H. Zhang et al. reported the 1-km optical transmission of an 800-Gbit/s (4 × 200-Gbits) PAM-4 signal using a four-channel SiP modulator chip with 3-dB bandwidth of 40-GHz [88]. Figure 4a showed a micrograph of the chip-on-board SiP transmitter, which integrated a four-channel SiP MZM chip and a four-channel driver chip. As depicted in Figure 4b, the 3-dB modulation bandwidth of silicon photonics modulator of different channels (e.g., CH_1, CH_2, CH_3, and CH_4) can both reach about 60-GHz, while that of silicon photonics transmitter co-packaged with the driver would reduce to about 40-GHz as shown in Figure 4c. In addition, other SiP transmitters, such as silicon micro-ring modulator [89,90] and hybrid silicon electro-absorption modulator [91], have also been reported. Part of these reports about monolithic integrated transmitter applied in beyond 100-Gbit/s data transmission is summarized in Table 5.





3. Receiver for Short-Reach Transmission Systems


It is well-known that short-reach transmission systems are mainly used in data center optical interconnects, access network, and metro network, etc. In such scenarios, the component costs need to be take into consideration as a variety of servers, switchers, and users are involved. Applying only one single-end PD in the system may greatly reduce cost and energy consumption, but it may not be able to meet ultra-high speed transmission systems because single-end PD only detects signal intensity. At present, some advance direct detection schemes, e.g., Kramers-Kronig receiver and Stokes vector receiver, have been proposed to improve the rate-distance product by combining impairments compensation algorithms with advanced modulation technology. Furthermore, monolithic integrated receivers with small footprint size, low power consumption, and low-cost have also been widely concerned and already demonstrated in various short-reach transmission systems. Next, we would review the recent applications of the four detection technologies.



3.1. Single-End Photodetector under Direct Detection


Single-end PD, which can perform the optoelectronic conversion operation to convert the signal from electrical domain to optical domain, is considered as the key receiver component of conventional IM/DD system. Single-end PD has been applied to detect signal envelope by square law detection. The output current of single-end PD is proportional to the square modulus of signal envelop, and hence it can only be used in amplitude modulation-based transmission systems. Usually, it is based on the reversely biased p-n junctions so that output current can be very weak. In order to enhance output current and receiver responsibility, two types of single-end PD including the PIN photodiode and the avalanche photodiode (APD) are introduced. The PIN photodiode consists of the p-type layer, intrinsic layer, and n-type layer, and normally combines with a trans-impedance amplifier (TIA) to further amplify the output current from the photodiode. The APD produces a relatively larger current by introducing significant photon amplification. Through preliminary analysis, it is believed that PIN + TIA is more commonly used in short-to-medium reach transmission systems, because its amplification noise is generally smaller than that of APD. However, when the received optical power is very low, APD with high detection sensitivity may be more suitable to detect the signal than PIN + TIA. At present, most of the reported 100-Gbit/s even 200-Gbit/s short-reach transmission systems had applied single-end PD as the receiver component.




3.2. Single-End Photodetector under Kramers-Kronig Direct Detection


As mentioned above, single-end PD in conventional IM/DD transmission systems is only used to detect signal intensity. Therefore, even various complex equalization techniques are used to assist signal demodulation; the single-end PD based transmission systems are still limited to tens of kilometers, since the CD effect would lead to serious inter-symbol interference. An effective way to compensate the dispersion is to insert an optical dispersion compensation module in the transmission link, but extra insertion loss and component cost will be introduced for cost-sensitive short-reach transmission systems. Currently, an alternative approach, Kramers-Kronig direct detection [18,92,93,94,95,96,97,98,99,100], has been investigated, as it can reconstruct the intensity and phase of the received signal from the intensity measurement. Figure 5 shows the Kramers-Kronig direct detection scheme. The received signal, which consists of an optical carrier c and a modulated signal under bandwidth B, is directly detected by a single-end PD. The output analog signal is proportional to the optical intensity. After the conversion from analog signal to digital signal by ADC, the complex digital signal can be reconstructed by digital signal processing (DSP). Once the phase and amplitude information are reconstructed, the conventional DSP algorithms (e.g., CD compensation, fiber nonlinearity compensation, polarization demultiplexing, carrier phase recovery, et al.) based on coherent receiver can be applied to mitigate channel distortions. Therefore, the use of the Kramers-Kronig direct detection in transmission system would be able to extend the transmission distance and transmission rate. At present, many research groups around the world have implemented Kramers-Kronig direct detection in short-reach transmission systems, even in metro and long-haul transmission systems. Z. Li et al. achieved four-channel 168-Gbit/s 64-QAM Nyquist-SCM transmission using a 40-GHz single-end PIN photodiode [96]. X. Chen et al. demonstrated 125-km SMF transmission in a four-channel 240-Gbit/s polarization division multiplexing (PDM) 32-QAM system by using a 24-GHz photodiode [97]. K. Schuh et al. transmitted a line rate of 450-Gbit/s 32-QAM signal detected by a ~85-GHz bandwidth photodiode over 480-km SMF [98]. Assisted by a sparse I/Q Volterra filter algorithm, L. Shu et al. experimentally demonstrated 112-Gbit/s 16-QAM transmission over 960-km SSMF based on a 50-GHz bandwidth photodiode [99]. Additionally, S. Le et al. demonstrated 1.6-Tbit/s 8-channel 16-QAM transmission with 1200-km Corning® TXF™ fiber link by using a 3-dB bandwidth of ~80-GHz photodiode [100]. The bandwidth of the receiver component needs to be at least twice the signal bandwidth, while that of ADC also needs to meet the demands. Although the Kramers-Kronig direct detection scheme with simple receiver structure and high sensitivity is argued to be a potential solution for high-speed short-reach transmission systems, the receiver cost may be an important factor hindering its practical application.




3.3. Stokes Vector Direct Detection


Another advanced direct detection scheme, Stokes vector direct detection, has recently gained much attraction in beyond 100-Gbit/s short-reach and metro transmission systems. It has been proposed to realize linear complex optical channels as well as enhance transmission reach and system capacity. As depicted in Figure 6a, the structure I of Stokes vector direct detection applied one polarization beam splitter (PBS), one optical 90° hybrid and three balance photodetectors (BPDs) to obtain three important Stokes vectors (e.g., S1, S2, S3). In fact, Stokes vector direct detection can be generalized by any three or four detections of polarization states as long as they were nonsingular superpositions of Stokes vector components. Here, Figure 6b showed a structure that consisted of one optical 90° hybrid and four single-ended PDs. The structure can provide four outputs obtaining|X|2, |Y|2, |X + Y|2, and |X + iY|2, and then these components can be linearly converted to the three components S1, S2, and S3 of Stokes vector. Another structure using four single-ended PDs and three polarizers is shown in Figure 6c, where the signal intensity of different polarization states are detected, and then the four outputs can be linearly converted to Stokes vector. The applications of these structures have been proposed and verified in various high-speed transmission systems. For example, M. Morsy-Osman et al. proposed a three BPDs-based structure (structure I) for Stokes vector direct detection for the first time, and experimentally verified in a 224-Gbit/s PDM-PAM-4 transmission system over 10-km SMF assisted by a single 1310-nm laser and a silicon photonic intensity modulator [19]. Furthermore, this group proposed a novel reduced-complexity single-stage SSBI cancellation algorithm to enhance the transmission rate to 480-Gbit/s and transmission distance to 80-km SMF [101]. On the other hand, D. Che et al. further proposed another Stokes vector direct detection solution (structure II) based on four PDs and one optical hybrid [20], which was then verified in a 1T-Gbit/s PS-64QAM 100-km transmission system assisted by three-dimensional signal field recovery [102]. Furthermore, K. Kikuchi et al. proposed a novel Stokes vector receiver configuration (structure III) with four PDs and three polarizers. Based on the configuration, the polarization tracking and demultiplexing operations had been successfully verified in polarization multiplexing IM/DD transmission systems [21]. Moreover, based on the receiver configuration, Y. Pan et al. proposed an efficient and low-cost simplified detection solution, which was demonstrated in 160-Gbit/s 2 × PDM-PAM-4 transmission system over 25-km NZDSF [103]. Generally, the Stokes vector direct detection, which can realize two-dimensional even three-dimensional detection, provides a compromise between one-dimensional direct detection and four-dimensional coherent detection.




3.4. Monolithic Integrated Receiver


Various detection methods with discrete components have been applied and demonstrated in short-reach transmission systems. In order to further reduce footprint size, costm and power consumption, many efforts are being made to push discrete components to monolithic integration in both InP-based and SiP-based monolithic integration [104]. Recently, based on a silicon-on-insulator platform, Y. Ding et al. demonstrated a waveguide-coupled integrated graphene plasmonic photodetector with beyond 110-GHz bandwidth [22]. C. Ferrari et al. demonstrated a 400-Gbit/s (16-channels 25-Gbit/s OOK) receiver where PIN + TIA arrays were integrated on a silicon PLC platform [105]. For another alternative cost-effective receiver, S. Ghosh et al. proposed and demonstrated an InGaAsP/InP waveguide-based polarization-analyzing circuit in integrated Stokes vector receiver [106]. Figure 7a depicted a schematic top-view of the proposed InP-based Stokes vector receiver, where a 1 × 4 multimode interference (MMI) splitter was used to split the input light equally into four ports. As illustrated in Figure 7b,c, through the Stokes vector converter (SVC) sections consisting of a symmetric waveguide (SW) and a half-ridge asymmetric waveguide (ASW), the light can be converted into four different states depending on the design of SVC. Finally, these four output lights were detected by four polarization-selective PDs (PS-PDs), which had higher sensitivity for the transverse-electric (TE) mode than the transverse-magnetic (TM) mode. Four basis vectors were located at the vertices of a regular tetrahedron inscribed on the Poincaré sphere as depicted in Figure 7d. The application of the integrated Stokes vector receiver had been demonstrated in 10-Gbaud transmission systems. In addition, F. Zhang et al. reported the first PDM Kramers-Kronig coherent receiver in photonic integrated circuit with a capability to detect 256-Gbit/s 16-QAM signal, which showed the most compact size among silicon coherent receivers [107]. We find that monolithic integrated receiver not only makes monolithic integrated detection chips practically feasible, but also makes it excel discrete components in many aspects, including cost, power consumption, and footprint.





4. Some Integrated Solutions for Short-Reach Transmission Systems


4.1. Simplified Detection Scheme


A simplified detection scheme consisting of a Stokes vector receiver, an optical band-pass filter, and a single-end PD had been proposed to simultaneously detect two channels PDM-PAM4 transmission signals [103]. The simplified scheme can reduce the number of receivers by half without sacrificing transmission capacity compared to Ref. [21], and the spectral efficiency can be doubled compared to Ref. [108]. The principle of the simplified detection scheme was shown in Figure 8. In the transmitter side, four independent PAM-4 signals with two optical carriers were combined to generate the 2 × PDM-PAM4 signals, whose state of polarizations (SOPs) consisted of 0°, 90°, −45°, and 45°. Here, the vector E1, E2, E3, and E4 represented the signal of 0°, 90°, 45°, and −45° SOP respectively. It is notable that there was a 90° phase difference between two orthogonal PDM signals to mitigate beating crosstalk at the receiver. After fiber transmission, the intensity signals that were received by Stokes vector receiver were Io1, Io2, Io3, and Io4. Two channels of transmission signals cannot be demultiplexed by a Stokes vector receiver. Here, an optical band pass filter (OBPF) and additional single-end PD were introduced to obtain intensity information I5 of laser 1. Two channels of PDM-PAM4 transmission signals can be achieved for demultiplexing through these Stokes parameters and additional information.



The transmission performance of the 2 × PDM-PAM4 and the single PDM-PAM4 systems were measured as depicted in Figure 9. Here, the 2 × PDM-PAM4 signals transmitted over 25-km NZDSF link, and the transmission rate was set to 4 × 20-Gbit/s and 4 × 40-Gbit/s, respectively. Figure 9a showed the performance of 4 × 20-Gbit/s signals over 25-km NZDSF link. About 0.8-dB power penalty was observed between the 2 × PDM-PAM4 system and the single PDM-PAM4 system. As depicted in Figure 9b, about 1-dB power penalty can be obtained when transmission rate was up to 4 × 40-Gbit/s. We found that the performance degradation was limited as the bitrate increased from 4 × 20-Gbit/s to 4 × 40-Gbit/s over 25-km. In addition, the linear relationship between BER and received power is destroyed after transmission. It may be that the received power was close to or beyond the saturation power of single-end PD. On the other hand, the performance difference between two orthogonal PDM-PAM4 signals became more apparent for 4 × 40-Gbit/s signals. The most likely reason was the influence of CD in spite of NZDSF used. Experimental demonstration had verified the effectiveness of the simplified detection scheme after 25-km fiber transmission and in the presence of polarization scrambling. We believe that such a scheme might be applied in short-reach transmission systems such as data center, access or metro network.




4.2. Transceiver Integration Scheme Based on Direct Detection


For IM/DD systems, the easiest way to increase transmission rate is to transmit multi-channel data streams in parallel, but this kind of system needs to use multiple sets of tranmitter and receiver components, which would lead to the increase of system cost to a certain extent. For reducing cost constraints, a transceiver integration solution based on direct detection, which can generate, transmit and detect multi-channel intensity signals at the same time, had been designed as depicted in Figure 10. The transmitter part of the transceiver integration solution, which consisted of multiple lasers, multiple drivers, and multiple MZM modulators, can generate multi-channels optical signals. After fiber transmission, the receiver part including multiple single-end PDs and multiple TIAs, would be able to detect multi-channel transmission signals. Based on this principle, T. Aoki et al. successfully demonstrated a 16 channels 25-Gbit/s OOK optical transceiver on package SiP [28]. The photographs of electronic integrated circuit (EIC) and photonic integrated circuit (PIC) of the high-density 16 channels optical transceiver where transmitter and receiver components were highly integrated in the chips were shown in Figure 11a,b. At the transmitter section of the transceiver, multiple wavelength lights emitting from 4 × 4 channels laser diodes (LDs) were modulated by 2 × 8 Mach–Zehnder interferometer (MZI) modulators under push-pull type, which were driven by 2 × 8 electronic drivers, to generate 16 channels 25-Gbit/s OOK optical signals. Then, the multi-channel optical signals were fed into an array of 16 grating couplers by waveguides and coupled into 16 optical fiber transmission links, respectively. At the receiver side, multi-channel optical signals were coupled into the PIC waveguide through 16 grating couplers. Finally, the transmission signals were detected by 16 PDs and amplified by TIAs.



In here, the performance of multi-channel transceivers was further evaluated by the eye diagram and BER. Figure 12a shows the optical eye diagrams of all transmitter channels, which depicted clear eye openings. Subsequently, the inter-channel crosstalk penalty among multi-channel transmitters was measured by a commercially available receiver module. The channel 4 (ch_4) were selected as a victim channel to study the effect of a crosstalk penalty from other aggressor transmitter channels. As shown in Figure 12b, the sensitivity changes of ch_4 were measured at multi-channel transmitters operations. The total penalty between all channels driving and only ch_4 driving was about 1.4-dB, and it was considered to be negligible in high-density assembled configuration. Next, receiver performance of the transceiver was verified though a discrete transmitter including a LiNbO3 MZM modulator and a laser. The optical eye diagrams were detected by all receiver channels of the transceiver as depicted in Figure 13a. Just like the transmitter side, when all receiver channels were operated, the sensitivity of the test channel can be found to be slightly degraded, and the 1.4-dB penalty can be observed in Figure 13b.




4.3. Transceiver Integration Scheme Based on Coherent Detection


There is another alternative transceiver integration solution based on coherent detection [27], which had been designed as depicted in Figure 14. The PIC integrated two full coherent transmitter channels including two tunable lasers, four SOA amplifiers, two PDM-IQ modulators, four Mach-Zehnder modulator drivers, two full coherent receiver channels containing two tunable lasers, two 90° hybirds, eight BPDs, and four TIAs in a single InP-based chip. It is noticed that the transmitter and receiver on the PIC integrated two lasers respectively. The main purpose was to be able to tune the wavelength and output power of the laser on the transmitter and receiver independently, as such it was more suitable for a reconfigurable optical network rather than a shared laser solution between transmitter and receiver. In addition, the two channel transceivers integration scheme had been further demonstrated in a two channels 800-Gbit/s multi-subcarrier transmission system [27]. As shown in Figure 15a, the transmitter part driven by a 100-GSa/s digital to analog converter (DAC) generated a 800-Gbit/s/ wavelength 8 subcarriers (SC), and each subcarrier supported 100-Gbit/s probabilistic shaping (PS) -64-QAM signal so that a total capacity of 800-Gbit/s per wavelength can be obtained. The optical spectra of transmitter in Figure 15b showed a single ~95-GHz wide channel with eight digital subcarriers, where SC1 represented the first subcarrier. Following the optical amplifier, the output optical signal was coupled into the receiver part of the transceiver to realize coherent detection operation, and the detected signal after TIA was connected to a set of real-time scopes operating at 200-GSa/s. Then, the channel impairments were equalized and compensated by offline DSP module. Overall Q2 factor of the received signal was measured to be about 7.5-dB under back-to-back conditions, which indirectly proved that there was enough margin for fiber transmission. All subcarrier PS-64QAM constellations after impairments compensation were inserted in Figure 15c.





5. Discussion


It is well-known that short-reach transmission systems are extremely sensitive to cost of components due to the enormous scale of deployments in intra- and inter-data center optical interconnects. Thus, optical transmitters and receivers at low-cost are required in these applications. To select cost-effective transmitter and receiver components more equitably, the technology and component options based on different transmission distances have been summarized in Figure 16. Note that the cost of components usually includes material cost, yield rate, packaging cost, test cost, design cost, and so on. Most of these costs are difficult to predict in the actual production process, thus it is hard to calculate the accurate cost of components. In this paper, the relative costs of various components are discussed.



With the development of low-cost coherent detection and monolithic integration technologies, VCSEL, DML, EML, MZM, IQ modulator, and monolithic integrated transmitter have been the major options to construct the transmitter of high-speed short-reach transmission systems. Here, we compare the supported wavelength λ, supported fiber type, transmission distance, bandwidth, frequency chirp, footprint, and relative cost of different transmitter components as depicted in Table 6. The transmission signal in C-band would be greatly affected by CD effect. In IM/DD transmission systems, since the transmission signal is often a double sideband, the interaction between square law detection in single-end PD and CD would produce fiber power fading, which may cause severe ISI contributions to their adjacent symbols. In addition, since the electrical signals of direct modulation components such as VCSEL and DML are directly applied to their laser cavities, these components whose responses were caused by transient chirp and adiabatic chirp would show a higher frequency chirp than EML caused by transient chirp. While, for external modulation components such as MZM, IQ modulator and monolithic integrated transmitter, the frequency chirp does not exist. The interplay between the frequency chirp and CD would induce severe nonlinear distortions and lead to serious degradation of transmission performance. To deal with these problems, DML is applied in mostly <40-km O-band high-speed transmission systems as summarized in Table 2 and Table 6. In addition, the application of VCSEL is mostly used in hundreds of meters of 850-nm few-/multi-mode transmission systems so that the influence of CD can be weakened to a certain extent. It is generally believed that the combination of MM-VCSEL and MMF has been recognized as a highly effective solution for <300-m short-reach optical interconnects. Certainly, the SM-VCSEL combining MMF or SMF system can support a few kilometers transmission distance. On the other hand, the bandwidth is another important factor in the selection of transmitter components. As depicted in Table 5, the bandwidth of monolithic integrated transmitter is usually greater than 40-GHz. Generally, despite many efforts made to achieve beyond 100-Gbit/s per lane signal transmission, the common bandwidth of VCSEL is around 25-GHz, as shown in Table 1, while that of DML is less than 30-GHz in Table 2. To break the DML bandwidth ceiling of around 30 GHz, special physical effects including detuned-loading and photon-photon resonance have been introduced to enhance the laser response in the high frequency region, and the state-of-art bandwidth of DML can be up to 100-GHz [47]. As depicted in Table 3 and Table 4, the common bandwidths of MZM and EML are beyond 30-GHz in beyond 100-Gbit/s per lane transmission systems, although the state-of-art bandwidth 100-GHz of EML had been reported [13]. In general, for hundreds of meters of high-speed intra-data center optical interconnects, VCSEL with low-cost and small footprint size is commonly considered as the best candidate transmitter. For a few and tens of kilometers high-speed optical interconnects, the best choice becomes unobvious between DML and EML. Of course, in terms of cost, a few kilometers high-speed optical interconnects prefer to use DML. In here, for the cost-sensitive short-reach transmission systems, LiNbO3-based MZM and IQ modulator with large footprint size and high-cost may not be the best transmitter option. Currently, with the help of monolithic integration technology, the MZM and IQ modulator-based monolithic integrated transmitters based on InP-based monolithic integration or SiP have shown irreplaceable advantages in cost, package, bandwidth, and transmission distance compared with other transmitters. Therefore, we believe that the monolithic integrated transmitters have the potential to gradually replace other transmitters in high-speed short-reach transmission systems in the future, especially in tens of kilometers of high-speed optical interconnects.



In recent years, various receivers such as single-end PD, Kramers-Kronig receiver, Stokes vector receiver, coherent receiver, and monolithic integrated receiver have been widely reported in beyond 100-Gbit/s short-reach transmission systems. Here, as depicted in Table 7, we compare the supported transmission distance, detection sensitivity, footprint, and cost of different receiver components in beyond 100-Gbit/s per lane transmission system. For the IM/DD transmission system, beyond 100-Gbit/s researches mainly use the single-end PD with low-cost to detect the transmission signals. The single-end PD can only detect intensity information, and its applications are often limited to less than tens of kilometers of transmission distance because CD effect would lead to serious inter-symbol interference. While, this phenomenon may be even worse for high-speed transmission links as these links can be more sensitive to signal impairments. Many advanced direct detection technologies such as Kramers-Kronig receiver and Stokes vector receiver have been proposed and studied extensively, and the gap between conventional direct detection and advanced coherent detection is getting closer. Since these techniques can reconstruct the complex domain of the modulation signal, the CD effect can be compensated in the DSP module of receiver side. Meanwhile, to combine complex vector modulation with polarization division multiplexing, the rate-distance product can be further improved. Despite these advanced direct detection technologies having large footprint size and moderate cost compared to a single-end PD, they still show the potential in certain application scenarios. Coherent receiver with high detection sensitivity has the ability to achieve high rate-distance product, but its cost is too high to use directly in cost-sensitive short-reach transmission systems. In recent years, InP/SiP-based monolithic integrated receivers incorporating various schemes, such as single-end PD, Kramers-Kronig receiver, Stokes vector receiver, and coherent receiver have been widely reported and have the advantages of low-cost and small footprint size. Furthermore, some effective solutions combining simplified direct scheme and transceiver integration scheme have also been reported in short-reach transmission systems for the purpose of cost and energy effectiveness.




6. Conclusions


In this paper, we review the mainstream transmitter components (e.g., VCSEL/ DML/EML/MZM/monolithic integrated transmitter) and receiver components (e.g., single-end photodetector/Kramers-Kronig receiver/Stokes vector receiver/monolithic integrated receiver). Next, a simplified detection scheme and two transceiver integration schemes under direct and coherent detection have been presented in detail. Then, we further summarize and discuss the technological and component options based on different transmission distances. We found that monolithic integrated components, especially transceiver integration, can dramatically reduce component cost. Therefore, we believe that such components would show great potential in the next-generation short-reach transmission systems. In addition, with the cost of coherent detection technology sinking, we predict that transceiver integration scheme based on coherent detection will become the mainstream scheme of beyond 400-Gbit/s short-reach data transmission in the future.
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Figure 1. (a) Light-current-voltage characteristics (Inset: optical spectrum at a bias current of 2-mA); (b) small-signal modulation responses at bias currents of 1-mA, 1.3-mA, 2-mA, and 4.1-mA (Inset: resonance frequency fr and 3-dB bandwidth f3dB of VCSEL plotted against square root of bias current Ib above threshold Ith); Ib: bias current; Ith: threshold current; D-factor: a rate factor consisting of resonance frequency fr and square root of current Ib-Ith; MCEF: the modulation current efficiency factor; (From [30], © 2015 IEEE). 
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Figure 2. (a) S21 amplitude responses for a bias range from 10–36.2 mA at 25°C; (b) S21 amplitude and frequency responses at 36.2 mA gain bias at 25°C; FM: Frequency modulation; AM: Amplitude modulation; (From [46], © 2017 IEEE). 
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Figure 3. (a) Schema of DFB-TWEAM; (b) S21 and S11 characteristics of TWEAM; DFB: distributed feedback laser; TWEAM: traveling-wave electro-absorption modulators; QW: quantum wells; BCB: BenzoCycloButene layer; AC: alternating current; DC: direct current; (From [13], © 2009 IEEE). 
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Figure 4. (a) Micrograph of the chip-on-board silicon photonics transmitter; (b) S21 characteristics of silicon photonics modulator under different channels (e.g., CH_1, CH_2, CH_3, and CH_4); (c) S21 characteristics of transmitter co-packaged with the driver under different channels. FA: fiber array; (From [88] © 2021 Chinese Laser Press). 
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Figure 5. Kramers-Kronig direct detection scheme; PD: photodetector; ADC: analog to digital converter; DSP: digital signal processing module. 
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Figure 6. Different structures of Stokes vector direct detection: (a) structure I [19]; (b) structure II; (c) structure III [21]; PBS: polarization beam splitter; OC: optical coupler; BPD: balanced photodetector; pol: polarizer. 
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Figure 7. (a) Schematic top-view (XZ-plane) of the integrated Stokes vector receiver on InP; (b) symmetric waveguide (SW) and (c) asymmetric waveguide (ASW) used in the receiver; (d) illustrations of four basis vectors on the Poincaré sphere; MMI: multimode interference; SV: Stokes vector; PS-PD: polarization-selective PD; TE: transverse-electric; TM: transverse-magnetic; (From [106] © 2021 OSA). 
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Figure 8. The principle of the simplified detection scheme. PAM: pulse amplitude modulation; SMF: single mode fiber; Pol.: polarization; OBPF: optical band-pass filter; PD, photodetector; (From [103] © 2021 OSA). 
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Figure 9. Twenty-five km transmission performance of the 2 × PDM-PAM4 and the single PDM-PAM4 systems. (a) BER at 4 × 20-Gbit/s and (b) 4 × 40-Gbit/s. PDM: polarization division multiplexing; FEC: forward error correction; (From [101] © 2021 OSA). 
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Figure 10. Block diagram of transceiver integration scheme based on direct detection. LD: laser diode; MZM: Mach-Zehnder modulator; RF: radio-frequency; SSMF: standard single mode fiber; TIA: trans-impedance amplifier; PD: photodetector. 
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Figure 11. Photographs of (a) electronic integrated circuit (EIC) and (b) photonic integrated circuit (PIC) of the high-density 16 channels optical transceivers where transmitter and receiver elements were highly integrated in the chips; 4 × 4 channels laser diodes (LDs) were assembled and 32 channels (32ch) grating couplers (GCs) were formed in the PIC; Ch_1: the first channel; Ch_2: the second channel; TIA: trans-impedance amplifier; (From [28] © 2021 IEEE). 
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Figure 12. (a) Optical eye diagrams of all transmitter channels and (b) the sensitivity changes of ch_4 at multi-channel transmitters operations; Ch_1: the first channel; TX: transmitter; Rx: receiver; (From [28] © 2021 IEEE). 
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Figure 13. (a) Optical eye diagrams of all receiver channels and (b) BER performance under the first channel; TX: transmitter; Rx: receiver; (From [28] © 2021 IEEE). 






Figure 13. (a) Optical eye diagrams of all receiver channels and (b) BER performance under the first channel; TX: transmitter; Rx: receiver; (From [28] © 2021 IEEE).
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Figure 14. Schematic of transceiver integration scheme based on coherent detection; MZMD: Mach Zehnder modulator driver; TE: transverse-electric; TM: transverse-magnetic; TIA: trans-impedance amplifier; RF: radio-frequency; DC: direct current; InP: Indium phosphide; PIC: photonic integrated circuit; SOA: semiconductor optical amplifier; Ch_1: the first channel; (From [27] © 2021 IEEE). 






Figure 14. Schematic of transceiver integration scheme based on coherent detection; MZMD: Mach Zehnder modulator driver; TE: transverse-electric; TM: transverse-magnetic; TIA: trans-impedance amplifier; RF: radio-frequency; DC: direct current; InP: Indium phosphide; PIC: photonic integrated circuit; SOA: semiconductor optical amplifier; Ch_1: the first channel; (From [27] © 2021 IEEE).



[image: Photonics 08 00077 g014]







[image: Photonics 08 00077 g015 550] 





Figure 15. (a) Experimental setup for 800-Gbit/s transmission measurements; (b) optical spectra showing a single ~95-GHz wide channel with eight digital subcarriers (from SC1 to SC8); (c) all received eight subcarrier probabilistic shaping 64-QAM constellations; DAC: digital to analog converter; Table 1. the first subcarrier; DSP: digital signal processing; MZMD: Mach Zehnder modulator driver; PIC: photonic integrated circuit; TIA: trans-impedance amplifier; (From [27] © 2021 IEEE). 






Figure 15. (a) Experimental setup for 800-Gbit/s transmission measurements; (b) optical spectra showing a single ~95-GHz wide channel with eight digital subcarriers (from SC1 to SC8); (c) all received eight subcarrier probabilistic shaping 64-QAM constellations; DAC: digital to analog converter; Table 1. the first subcarrier; DSP: digital signal processing; MZMD: Mach Zehnder modulator driver; PIC: photonic integrated circuit; TIA: trans-impedance amplifier; (From [27] © 2021 IEEE).
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Figure 16. The technological and component options for high-speed short-reach transmission systems. 
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Table 1. Incomplete summary of SM-/MM-VCSEL applied in beyond 100-Gbit/s per lane data transmission.






Table 1. Incomplete summary of SM-/MM-VCSEL applied in beyond 100-Gbit/s per lane data transmission.





	Tx

Device
	λ

(nm)
	MF
	BW

(GHz)
	Rate

(Gbit/s)
	Reach

(m)
	Fiber

Type
	FEC

Limit
	Ref.





	MM-VCSEL
	850
	MultiCAP
	~20
	107.5
	10
	OM4-MMF
	3.8 × 10−3
	[31]



	MM-VCSEL
	850
	PAM-8
	--
	108
	25
	OM3-MMF
	3.8 × 10−3
	[32]



	MM-VCSEL
	850
	MultiCAP
	25
	112
	150
	OM4-MMF
	3.8 × 10−3
	[33]



	MM-VCSEL
	850
	PAM-4
	22
	112
	200
	OM4-MMF
	2 × 10−4
	[34]



	MM-VCSEL
	850
	PAM-4
	~28
	168
	50
	OM5-MMF
	>1 × 10−6
	[35]



	MM-VCSEL
	850
	PAM-4
	25
	112
	200
	OM4-MMF
	4.2 × 10−4
	[36]



	MM-VCSEL
	850
	PAM-4
	25
	200
	100
	OM4-MMF
	4 × 10−3
	[37]



	MM-VCSEL
	850
	PAM-4
	20
	100
	100
	OM3-MMF
	3.8 × 10−3
	[38]



	SM-VCSEL
	850
	DMT
	26
	161
	10
	OM4-MMF
	2.7 × 10−2
	[39]



	SM-VCSEL
	850
	DMT
	25
	112
	300
	OM4-MMF
	3.8 × 10−3
	[40]



	SM-VCSEL
	1543
	PAM-4
	~23
	100
	1000
	SMF
	3.8 × 10−3
	[41]



	SM-VCSEL
	1543.2
	PAM-4
	22
	100
	2500
	SMF
	3.8 × 10−3
	[42]
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Table 2. Incomplete summary of DML applied in beyond 100-Gbit/s per lane data transmission.






Table 2. Incomplete summary of DML applied in beyond 100-Gbit/s per lane data transmission.





	Tx

Device
	λ

(nm)
	MF
	BW

(GHz)
	Rate

(Gbit/s)
	Reach

(km)
	Fiber

Type
	FEC

Limit
	Ref.





	DML
	1310
	PAM-4
	28
	112
	40
	SMF
	3.8 × 10−3
	[8]



	DML
	C-band
	PAM-4
	16
	100
	15
	SMF
	3.8 × 10−3
	[9]



	DML
	1300
	PAM-4
	55
	112
	2.2
	SMF
	2 × 10−4
	[46]



	DML
	1310
	DMT
	18
	117
	40
	SMF
	1 × 10−3
	[49]



	DML
	1308.45
	PAM-4
	25
	112
	20
	SMF
	4.6 × 10−3
	[50]



	DML
	1286
	PAM-4
	>100
	256
	2
	SMF
	3.8 × 10−3
	[47]



	DML
	1295.48
	DMT
	104.5
	321.24
	2
	SMF
	3.8 × 10−3
	[51]



	DML
	1315
	PAM-8
	54
	240
	10
	SMF
	1.8 × 10−2
	[52]



	DML
	1313
	DMT
	65
	368.8
	15
	SMF
	1.8 × 10−2
	[53]
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Table 3. Incomplete summary of MZM applied in beyond 100-Gbit/s per lane data transmission.
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	Tx

Device
	λ

(nm)
	MF
	BW

(GHz)
	Rate

(Gbit/s)
	Reach

(km)
	Fiber

Type
	FEC

Limit
	Ref.





	MZM
	1550
	PAM-8
	30
	120
	10
	SMF
	1 × 10−2
	[56]



	DDMZM
	1550
	DMT
	22
	105
	80
	SMF
	4.5 × 10−3
	[57]



	MZM
	1545
	PAM-4
	40
	168
	1
	SMF
	3.8 × 10−3
	[58]



	MZM
	1550
	PAM-4
	33
	168
	2
	SMF
	3.8 × 10−3
	[59]



	DDMZM
	~1555
	PAM-4
	30
	128
	80
	SMF
	2.4 × 10−2
	[60]



	MZM
	1304.6
	PAM-8
	30
	255
	10
	SMF
	2.5 × 10−4
	[61]



	MZM
	1550
	PAM-4
	40
	200
	40
	SMF + DCF
	3 × 10−4
	[62]



	MZM
	C-band
	DMT
	30
	244
	1
	SMF
	4.5 × 10−3
	[63]



	DDMZM
	O-band
	PAM-8
	30
	240
	2
	MCF
	3.8 × 10−3
	[65]



	MZM
	1293
	PAM-6
	28
	225
	2
	SMF
	3.8 × 10−3
	[66]



	MZM
	1310.96
	PS-PAM-8
	60
	280
	10
	SMF
	3.8 × 10−3
	[67]
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Table 4. Incomplete summary of EML applied in beyond 100-Gbit/s per lane data transmission.
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	Tx

Device
	λ

(nm)
	MF
	BW

(GHz)
	Rate

(Gbit/s)
	Reach

(km)
	Fiber

Type
	FEC

Limit
	Ref.





	EML
	1298.5
	PAM-4
	18
	100
	80
	SMF
	3.8 × 10−3
	[68]



	AXEL
	~1307
	PAM-4
	35
	106
	60
	SMF
	2 × 10−4
	[69]



	EML
	1294.72
	PAM-4
	20
	112
	40
	SMF
	3.8 × 10−3
	[70]



	EML
	1293
	PAM-4
	25
	112
	40
	SMF
	3.5 × 10−6
	[71]



	EML
	1304
	PAM-4
	17
	112
	40
	SMF
	3.8 × 10−3
	[72]



	DS-EML
	1538.74
	PAM-8
	40
	129
	5
	SMF
	3.8 × 10−3
	[73]



	EML
	1310
	PAM-4
	35
	214
	10
	SMF
	2 × 10−4
	[74]



	EML
	1550
	PS-PAM-8
	40
	260
	1
	NZDSF
	2 × 10−2
	[75]



	DFB-TWEAM
	1550
	OOK
	>100
	204
	10
	SMF + DCF
	1.1 × 10−2
	[76]



	DFB-TWEAM
	1550
	PAM-4
	>100
	200
	0.4
	SMF
	2 × 10−2
	[77]



	DFB-TWEAM
	1550
	DMT
	>100
	200
	1.6
	SMF
	2.7 × 10−2
	[78]
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Table 5. Incomplete summary of monolithic integrated transmitters applied in beyond 100-Gbit/s per lane data transmission.
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	Tx

Device
	λ

(nm)
	MF
	BW

(GHz)
	Rate

(Gbit/s)
	Reach

(km)
	Fiber

Type
	FEC

Limit
	Ref.





	InP-Based DFB-MZM
	1542
	PAM-8
	54
	300
	1.2
	SMF
	1.9 × 10−2
	[15]



	InP-Based MZM
	1550
	DMT
	80
	333
	20
	SMF + DCF
	2.7 × 10−2
	[16]



	SiP-based

MZM
	1550
	PAM-4
	>50
	128
	10
	SMF + DCF
	2 × 10−2
	[79]



	SiP-based

MZM
	1310
	PAM-8
	20
	112
	10
	SMF
	3.8 × 10−3
	[80]



	SiP-based

DDTW-MZM
	1546.98
	PAM-4
	22.5
	176
	1
	SMF
	1.5 × 10−2
	[81]



	SiP-based

DDTW-MZM
	1546.98
	PAM-6
	22.5
	200
	1
	SMF
	1.5 × 10−2
	[82]



	SiP-based

DDTW-MZM
	1546.98
	SSB-

PAM-4
	22.5
	176
	400
	SMF
	4 × 10−2
	[83]



	SiP-based

DDTW-MZM
	1546.98
	PAM-4
	22.5
	184
	320
	SMF
	2.4 × 10−2
	[84]



	SiP-based

ME-MZM
	O-band
	PAM-4
	>35
	112
	10
	SMF
	2.4 × 10−2
	[85]



	SiP-based

TW-MZM
	O-band
	PAM-8
	47
	255
	2
	SMF
	3.8 × 10−3
	[86]



	SiP-based

POH-MZM
	1541.9
	OOK
	>70
	222
	0.12
	SMF
	2.24 × 10−2
	[87]



	SiP-based

4ch-MZM
	~1540
	PAM-4
	40
	200
	1
	SMF
	3.8 × 10−3
	[88]



	SiP-based

MRM
	1541.57
	PAM-4
	47
	160
	1
	SMF
	2.12 × 10−3
	[89]
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Table 6. Comparison of different transmitters applied in beyond 100-Gbit/s per lane data transmission.
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	Tx
	λ
	Fiber
	Reach
	BW
	Chirp
	Footprint
	Cost





	IQ Modulator
	O-/C-Band
	SMF
	>80 km
	high
	--
	high
	high



	MZM
	O-/C-Band
	SMF
	<80 km
	high
	--
	high
	high



	EML
	O-/C-Band
	SMF
	<80 km
	high
	low
	moderate
	moderate



	DML
	Mostly O-Band

Partially C-Band
	SMF
	<40 km
	moderate
	high
	low
	low



	VCSEL
	Mostly 850 nm

Partially C-Band
	MMF/SMF
	<300 m

<2 km
	low
	high
	low
	Very low



	Monolithic integrated transmitter
	O-/C-Band
	SMF
	whole

range
	high
	--
	low
	moderate
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Table 7. Comparison of different receiver components applied in beyond 100-Gbit/s per lane data transmission.






Table 7. Comparison of different receiver components applied in beyond 100-Gbit/s per lane data transmission.





	Rx
	Reach
	Footprint
	Sensitivity
	Cost





	Coherent

receiver
	high
	high
	high
	high



	Stokes vector

receiver
	moderate
	moderate
	moderate
	moderate



	Kramers-Kronig

receiver
	moderate
	moderate
	moderate
	moderate



	Single-end PD
	low
	low
	low
	low



	Monolithic integrated receiver
	whole range
	low
	whole range
	Very low
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