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[bookmark: _Int_SrhfeUBL]Abstract— This paper presents a 100Gb/s PAM4 optical transmitter system implemented in a 3D-integrated SiPh-CMOS platform. The photonics chip includes a push-pull segmented MZM structure using highly capacitive (500fF to 1pF), yet optically efficient (VπL= 8V.mm) MOSCAP phase modulators. Two pairs of U-shaped modulators with effective lengths of 170µm and 450µm are driven at 50 Gbaud by a dual-channel 28nm CMOS driver, which is flip-chip bonded to the photonics chip. The driver cores utilize digitally controllable pre-distortion and inductive peaking to achieve sufficient electro-optical bandwidth. The drivers deliver 1.2Vppd swing to modulators using a 0.9V supply. An on-chip serializer with differential peaking stages is designed to generate and buffer two independent sets of 50Gb/s data streams to be delivered to the driver cores. The optical input power to the PIC is +10dBm and the EIC consumes 240mW achieving 2.4pJ/bit energy efficiency. The overall EOBW is increased by approximately 52% and 131% for the LSB and the MSB segments, respectively, when compared to their EOBW measured by 65GHz 50-Ohm terminated probes. The 50Gb/s NRZ optical raw eye diagram exhibits 4.3dB ER and 1.2dBm OMA with 0.76dB of TDEC after a 5-tap FFE filter. The 100Gb/s PAM4 optical raw eye diagram shows 4.3dB ER and 1.4dBm OMA with a TDECQ of 1.53dB after 5-tap FFE filter. The PAM4 TDECQ changes by 53% when temperature is increased from 30ºC to 90 ºC at the optimum forward bias voltage of 1V. 
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INTRODUCTION
H
[bookmark: _Int_DMRwqfi9]ighly integrated Silicon Photonics (SiPh)-based solutions are growing as preeminent platforms for implementing low-cost and power-efficient 100+Gb/s/λ optical transceivers. Datacenters continue to require interconnects with more stringent bandwidth densities and energy efficiencies for inter- and intra-datacenter applications. Moreover, applications such as chip-to-chip interconnects in datacenter switches, high-performance FPGAs and GPUs require small form-factors and substantial high volumes. SiPh transceivers co-packaged with CMOS electronics have the potential to meet these requirements. They can also support multi-level Pulse Amplitude Modulation (PAM-N) schemes with improved bandwidth densities. However, the inherent optical power penalty of PAM-N signaling imposes demanding linearity requirements on critical link components, which can lead to power hungry electronics. The modulator type should be carefully chosen and be co-optimized with the electrical driver to satisfy optical transmitter specifications such as optical modulation amplitude (OMA), extinction ratio (ER), signal-to-noise ratio (SNR) and electro-optical power penalties. Micro-ring modulators (MRMs) have small footprints and high electro-optical bandwidth (EOBW). However, they require relatively large voltage swings (usually > 1V) [1-8]. They also suffer from an inherent tradeoff between bandwidth and optical phase efficiency, high sensitivity to process and temperature variations, and non-linear electro-optic characteristics [9-11]. Depletion-based p-n junction phase modulators exhibit high intrinsic BWs. However, due to limited optical modulation efficiency (VπL), they are used in Travelling-Wave Mach-Zehnder Modulators (TW-MZMs) topology, which require terminations and power-hungry drivers to compensate for microwave losses while occupying large areas on chip [12-21]. Electro-absorption modulators (EAMs) provide a balance between their intrinsic BW and optical efficiency (absorption coefficient). They, however, suffer from higher insertion losses, chirp, and limited maximum input power because of saturation, which should be addressed when used for higher-order modulation schemes [22-32]. Metal-oxide-silicon-capacitor (MOSCAP)-based (or the semiconductor-insulator-semiconductor capacitor (SISCAP), as reported in [33-36]) phase modulators operate based on carrier accumulation. These modulators can significantly scale the area and power of optical transmitter (OTX) due to their superior optical modulation efficiency (VπL < 1 V.cm) and compact footprint (< 1mm) [37-41]. MOSCAP modulators, however, could potentially suffer from excessive insertion losses due to high absorption, scattering from surface, sidewall roughness, and crystalline grains of commonly used polysilicon [42]. Moreover, these modulators impose large capacitive parasitics (~3 fF/µm), which could limit the EOBW significantly. Existing wireline drivers cannot meet the requirements of the MOSCAP modulators due to their limited output voltage swings, and their 50Ω termination design [43]. As it will be explained in Section II, a 50Ω terminated design would significantly limit the driver’s BW when driving highly-capacitive MOSCAP modulators. Therefore, it is crucial to take a co-design approach and to compensate for the BW limitations imposed by these large capacitors.[image: Diagram  Description automatically generated]
Fig. 1. (a) Variations of an optical PAM4 transmitter, and (b, c) Inductive parasitic effects of wire-bonds on the NRZ eye diagrams.





In this paper, a 3D-integrated 100Gb/s PAM-4 OTX with electronic pre-distortion (PD) and BW extension techniques for driving highly-capacitive MOSCAP modulators is presented. In particular, trade-offs between MOSCAP modulator parameters are carefully studied and used for the co-design of electronics and photonics for optimal EOBW, power consumption and optical efficiency.
This paper is organized as follows: In section II the proposed system-level architecture and its advantages are presented. Section III discusses the silicon-photonics IC (PIC) design, choice of the segmented MZM and its layout, as well as the MOSCAP modulator parasitics and BW analyses. The CMOS TX architecture with all its major building blocks and their interconnections are provided in detail in section IV. The experimental results of the dual-channel CMOS driver and its integration with the PIC are included in section V. Finally, section VI summarizes this paper with performance comparisons and conclusions.
System-Level Analysis
A. OTX EOBW and Power Optimization Overview:
The proposed optical transmitter system is aimed to operate at the highest possible baud rates using the standard 28nm CMOS process, while the overall power consumption is minimized. A careful electro-optical co-optimization study should be conducted to optimize modulator lengths, hence, the overall EOBW and the electro-optical power consumption. The optimal EOBW is achieved when modulator parasitics are accurately modeled and the driver is designed with proper load matching. This optimization process and driver design also depends on the modulation scheme, hence, the number of modulators.
The OTX is intended to be scalable, to provide a compatible solution for higher-order modulation schemes. In this work, we focus on 4-level pulse-amplitude modulation (PAM4) scheme to demonstrate the performance and the potentials of our approach. The choice of keeping the modulation complexity in the electrical domain [44, 45] or transferring it to the optical domain [46-48], is highly dependent on the type of modulators and the electronics power budget (Fig. 1(a)). Design trade-offs of the proposed U-shaped MOSCAP modulators, and the segmented push-pull MZM will be discussed in detail in section III.
The two OOK drivers shown in Fig. 2(a) need to drive 4 highly capacitive MOSCAP modulators (pairs of 500fF and 1pF capacitors). To achieve an EOBW of 35GHz, required for an error-free 50Gbaud transmission [49], the output impedances of the drivers need to be less than 5Ω and 10Ω, for the most-significant-bit (MSB) and the least-significant-bit (LSB) segments, respectively. However, even the ohmic resistance of the contacts from the PIC pads to MOSCAP junctions could be greater than these values (contact resistances are controlled by dopant densities optimized for modulators’ optical efficiencies). To tackle this challenge, a combination of pre-distortion and inductive peaking are used for the core drivers to extend the EOBW of all segments to 35GHz, when flip-chip bonded to the PIC.
Fig. 1(b) shows time-domain and frequency-domain simulations for a simplified network of the interface between MOSCAPs and the EIC through wire-bonding. The equivalent inductance of shortest wire-bonds from EIC to PIC are approximated to be 300pH to 400pH for wire-bond lengths of 300µm to 400µm. The closed eye diagram in Fig. 1(b), for a wire-bond length of 200µm, shows why the inductance of the wire-bonds exceed the optimal value (Lbond ≈ 30pH) for MOSCAP modulators. These inductors perform series peaking for the driver, which could extend the BW by a factor of 1.41, only when the load capacitance (MOSCAP modulator) is more than 10 times the output capacitance of the driver (which is dominated by EIC output pad and driver output capacitances), and the inductor is approximately 10 times smaller than wire-bonding inductance values [50]. To solve this challenge, integration through flip-chip bonding was chosen to reduce Lbond to 50pH.
B. Transmitter System Architecture:
A system-level block diagram of the OTX is shown in Fig. 2(a). It consists of PIC and a CMOS electronic IC (EIC) flip-chip-bonded together using gold micro-pillars. The PIC consists of a segmented push-pull MZM with U-shaped MOSCAP phase modulators. Two thermal phase shifters are placed on each arm for relative optical phase adjustment to bias the MZM. Two grating couplers are used for optical I/O. The EIC includes two channels of 50Gb/s NRZ drivers with differential outputs, each receiving 2 sets of differential 25Gb/s independent data streams from an external arbitrary waveform-generator (AWG). A clock buffer path amplifies the external 25GHz clock signal to drive on-chip 2:1 serializers in each data path. A look-up-table (LUT)-based control unit receives digital signals from an external FPGA to configure drivers peaking strength, pre-distortion settings and the timing between the two drivers’ data paths. As shown in Fig. 2(b), all electrical signals, including high-speed data and clocks, digital control signals, supplies and current references are fed to the PCB, wire-bonded to the PIC, and routed to photonics components or the EIC pads. Analyses of these electrical paths at high-speed are provided in section IV. A Peltier heater is placed underneath the PCB that controls the temperature of the system and is controlled via and external supply.[image: Diagram  Description automatically generated with low confidence]
Fig. 2. (a) Top-level OTX block diagram, (b) Cross-section of the OTX system, and MOSCAP Modulator cross-sections, operating based on carrier accumulation, and (c) Capacitance and VπLπ nonlinearities for MOSCAPs versus bias voltage.   



PIC Design
In this section we first study the structure of MOSCAP modulators and the trade-offs between all design parameters that impact the overall performance of the transmitter. The benefits of the segmented MZM over other architectures, as well as photonics layout considerations are reviewed next. A complete electrical parasitics network of the MOSCAP modulator is also provided, which was used as the actual load model to design the CMOS drivers.
A. MOSCAP Modulator Structure:
The MOSCAP phase modulators consist of an n-doped polysilicon, a thin layer of oxide (SiO2 slot/gap), and a p-doped silicon region to form the metal-oxide-semiconductor junction. This structure could be fabricated vertically (V-SISCAP) [33-37] or laterally (H-SISCAP) [38-41] to confine the light, as shown in Fig. 2(b). With proper doping of the poly-crystalline Silicon, this electrically active device can accumulate electrons and holes across the junction, when an electric field is present. The effective refractive index of the waveguide is therefore changed due to charge accumulation when the junction has proper overlap with the optical mode. This effect, known as the Plasma Dispersion, is mathematically described by the Drude-Lorentz model [51, 52] as:

where e is the charge of the electron, c is the speed of light, λ is the operating wavelength, n is the unperturbed refractive index, ε0 is the vacuum permittivity, ΔNe and ΔNh are the free carrier concentrations of the electrons and holes, me and mh are the electron and hole respective masses. MOSCAP modulators are compared with their 2 other phase modulator counterparts, which also benefit from the Plasma Dispersion effect. The carrier-injection-type modulators are commonly based on p-i-n junctions. These modulators suffer from limited bandwidth due to the slow diffusion of free electron in the doped region, despite having excellent modulation efficiency. In [53], a 50Gb/s p-i-n modulator using pre-emphasis signaling is reported. RC equalization techniques can increase p-i-n modulator BW while reducing optical modulation efficiency [54-56].  Carrier depletion-based modulators are formed from reversed-bias p-n junctions and are commonly adopted in silicon photonics platforms due to their higher bandwidths. However, since the refractive index is changed due to the width of the depleted region, the VπL of such modulators are limited and longer segments are required (more than 1mm) to achieve reasonable ER [57]. Longer modulator segments need drivers with power-hungry terminations.
B. Modulator Design Parameters and Trade-offs:
MOSCAP modulators can be designed with excellent modulation efficiencies (VπL as low as 0.9 V.mm [37]). There is, however, an oxide slot thickness (tox)-related trade-off between modulation efficiency VπL, and the junction capacitance, which translates to the EOBW [38-41]. As tox is increased, the EOBW also increases, however, VπL degrades. Degradation of VπL can, however, be compensated by increasing the length or the modulation voltage levels. An increase in the modulator length, or the voltage amplitude would directly affect the overall power consumption for a targeted optical transmitting signal (OMA and ER). Moreover, the doping of the contacts would reduce the access resistance to the junction, while degrading the optical insertion loss (IL), due to the presence of excessive free carrier charges overlapping the waveguide mode.[image: Diagram  Description automatically generated]
Fig. 3. (a) Proposed MOSCAP modulator length optimization flow, (b) PIC signal routing layout, (c) MOSCAP modulator cross-section and electrical parasitics.


In addition to the above trade-offs, nonlinear effects of MOSCAP modulators under different bias voltages should be considered for optimization. The main nonlinear parameters are defined below [39, 58]:



where Lπ(Vb) is the phase shifter’s length for obtaining a π-shift at a given bias voltage Vb and voltage swing of Vs. Δneff is the effective refraction index change of phase shifter’s optical mode. C(V) with units of (fF/μm) characterizes the capacitance of the phase shifter per unit length. Qπ(Vb) evaluates the required charge variations in the MOS phase shifter structures at a length of Lπ(Vb) for a π phase change under a bias voltage Vb and voltage swing Vs. Fig. 2(c) shows simulation results for C(V) and VπLπ(V) of the modulators with different oxide thicknesses. Increasing the forward-bias voltage of MOSCAPs decreases their VπL, hence, improving the optical efficiency. However, this increase in the bias also increases the effective junction capacitance, CMOS, hence, reducing the EOBW. This trade-off shows that an optimal bias point should be found, in which a proper EOBW and optical efficiency would result in the best optical eye quality, when driven by the CMOS drivers. A high-speed measurement analysis is provided in section V to address this trade-off.[image: Chart, line chart  Description automatically generated]
Fig. 4. Measured EOBW of 200m and 400m MOSCAP segments with 65GHz 50Ω-terminated probes.



Considering all these design trade-offs and targeted OTX specifications, a systematic approach was developed to optimize the modulator lengths, as shown in Fig. 3(a). In this design flow, a fixed total capacitance for the modulator and an initial tox is targeted. When the optimal total length of the modulators is derived, then the MZM architecture and the electronics driver could be designed accordingly.
C. Modulator Length Optimization and MZM Design:
For the length optimization process of the fabricated MOSCAP modulator, nominal supply voltages of the 28nm CMOS process (0.9V) were used as the maximum allowable driving voltage to minimize the EIC power consumption. The optimization flow resulted in a total MOSCAP length of 620µm with total capacitance of 1.5pF, a tox of 4nm, and a VπL of 0.5V.cm. This length, however, requires a TW electrode, since the maximum lumped electrode length could be estimated by 1/10th of the wavelength corresponding to a microwave index of 2.1 for a 50GHz signal frequency, to approximately 300µm [14]. Moreover, to achieve an optical PAM4 signal, either an electrical PAM4 driver should be designed to drive this load, or the MZM can be segmented and be driven by OOK drivers (Fig. 1(a)). The drawback of the former choice is that the electronics power consumption could potentially be increased, since a PAM4 driver with larger voltage swings should be designed to drive this huge capacitor. Moreover, the electrode lengths of a single segment would be approximately equal to, if not more than, 300µm, even after folding the modulator segment. Therefore, breaking the modulator into two binary-weighted segments provides a viable solution in this case. Considering the nonlinear MZM curve, the segments lengths were calculated to be 179µm and 450µm with estimated parasitic capacitances of 500fF (LSB) and 1pF (MSB) to generate equally spaced optical PAM4 levels. The layout of the modulators and signal routings on the PIC is shown in Fig. 3(b). MSB modulator segments are folded to form a U-shaped layout to effectively double the modulation efficiency with a fixed electrode length of 150µm and to avoid travelling-wave reflection effects.[image: Diagram, schematic  Description automatically generated]
Fig. 5. (a) Top-level block diagram of the 2-channel CMOS driver, and (c) Frequency-domain and time-domain enhancement technics used for core drivers.


D. MOSCAP Parasitics and nonlinearities:
 The details of the parasitic structure of MOSCAP modulators are depicted in Fig. 3(c). These parasitics, in addition to the main junction capacitance CMOS, heavily affect the overall EOBW. As can be seen in Fig. 4, an EOBW measurement for 200µm and 400µm MOSCAP modulators, using a 65GHz 50-Ω terminated probe, shows 16GHz and 23GHz BW at 1V forward bias. These measured BWs are significantly below the required BW for 50Gbaud modulation, which further highlights the necessity of a custom-designed CMOS driver to extend the EOBW to approximately 35GHz.
EIC Design
In this section, the top-level architecture of the dual-channel CMOS driver, followed by the details, analyses and simulation results of each block is presented.
A. EIC System Architecture:
The top-level block diagram of the EIC is provided in Fig. 5(a). Each driver channel receives two pairs of independent 25Gb/s differential data inputs, which are amplified and buffered through CML-to-CMOS stages. In the clock distribution path, a 25GHz differential input clock signal travelling from the AWG to the chip is buffered and adjusted for its duty cycle internally, before driving two 2:1 serializers. These serializers are used for each driver channel to combine the 25Gb/s data streams using the buffered 25GHz clock signal. An LUT-based delay control unit fine-tunes the relative clock delays between the serializers. Another delay adjustment unit is placed after the serializers to calibrate the 50Gb/s data delay between the driver slices. Differential active peaking is used along the data path buffers both at the back-end and the 50Gb/s buffering stage. The two 50Gb/s data streams are delivered to the last stage (core drivers). Each current-mode differential driver is BW-optimized for the corresponding MOSCAP segments with similar lengths on each MZM arm. A reconfigurable pre-distortion block generates current pulses with tunable widths at each data transition to further improve the drivers’ effective BW. Details of the BW extension techniques and the driver core design are discussed next.
B. BW Extension Technics and Core Driver Design
Several circuit methods, using active/passive components have proven to effectively extend the BW of amplifiers [59-62]. The goal of BW extension in wireline applications, however, is to minimize the inter-symbol interference (ISI), hence, the data-dependent jitter (DDJ). Our approach to design the core amplifiers with sufficient BW, when connected to MOSCAP modulators, is to deploy both time and frequency domain approaches that reduce the DDJ and to combine these methods to minimize the overall power consumption.
Considering DDJ enhancement in the frequency domain, inductive peaking is an excellent method to extend the BW of wideband amplifiers, with minimal power penalty, when driving purely capacitive loads. However, the achieved BW extension ratios (BWERs) depend heavily on the ratio of the capacitance seen at the drain of the amplifying transistor, to the total capacitance that is to be driven (namely kc = C1/(C1+CL) in Fig. 5(b)) [50]. Series, shunt, shunt-series, and bridged-shunt-series peaking technics can achieve BWERs in the range of 2.5 to 4, but only when kc > 0.3. With asymmetric T-coil peaking, however, BWERs more than 4 is achievable for kc < 0.3. It should be noted that the BWER is calculated assuming the circuit is operating in its linear region. However, this assumption does not hold true when amplifiers are driven with limiting input voltages. Therefore, the effective BWER will be smaller and might not be enough to achieve the targeted BW. Moreover, in the case of driving MOSCAPs using flip-chip bonding, the load is not purely capacitive as was shown in Fig. 3(c) (although, CMOS is the dominant loading component). Additionally, the inductive peaking technics affect the group delay, which could hurt the DDJ, even when the BW is extended [50].[image: Diagram  Description automatically generated]
Fig. 6. Proposed core driver design flow for optimal BWER and minimized DDJ and power performance.



DDJ can also be treated in the time domain by improving the step response of the driver [63]. DDJ occurs when the tails of prior bits perturb the data transition time, when it crosses the threshold level. If the data transition time of signal s(t) with data period of Tb occurs at t0 with the absence of prior bits, the total peak-to-peak DDJ can be estimated from the slope of s(t) at t0 as [63]:

Where po(t) is the pulse response of the driver and ak is either 1 or 0 depending on the kth previous bit value. It could be observed from equation (4) that one way of reducing the total DDJ is decreasing the contributions of prior bits perturbations (decreasing po(t0-kTb)). Improving the transition times by injecting a current pulse into the load, whenever a data transition occurs (when ak changes from k to k+1) is one way to decrease the perturbations. This current pulse injection would shape the incoming pulse, hence, called pre-distortion. A controlled voltage-mode driver, shown in Fig. 5(b) can be used for this purpose. By applying the main data stream to the gates of the middle transistors and a delayed and inverted version of the same stream to the outer transistors, this branch can inject a current pulse into the output node. The amplitude of the current pulse can be tuned by sizing the transistors, while the width of the pulse can be tuned by the data delay. Although this method could effectively improve the overall DDJ, it comes with certain disadvantages. Using this circuit requires 2 extra buffering paths (4 in total for each driver slice) to deliver the 50Gb/s streams into the gates of the 4 transistors, and to generate an adjustable delay between the 2 paths. Having these extra buffers would burn more power. Additionally, when current pulses are injected to/drawn from the output, extra power from VDD is drawn. Moreover, since the output of this circuit is connected to the output of the main driver, the total capacitance seen at this node is increased, which should be considered for inductive peaking.
Considering the above trade-offs, we propose the following steps (also shown in the flowchart in Fig. 6) to determine the optimal BWER and overall minimized DDJ, while minimizing the power consumption:
1) Design a core driver with no peaking, but maximum BW for a targeted output voltage swing.
2) Determine C1 and kc: If kc > 0.1, then add inductive peaking with maximum possible BWER and determine if the new BW satisfies the performance.
3) If maximum available BWER was not enough, or if kc < 0.1, then we start over with adding the pre-distortion block to the uncompensated driver (no peaking). The current pulse width should be kept approximately below half of the UI, to avoid ISI due to pre-distortion.
4) Increase the size of the pre-distortion blocks to improve the DDJ, until kc becomes large enough, such that adding a proper inductive peaking would extend the BW to the target value. Here, depending on the achievable kc’s, a combination of a stronger pre-distortion with a weaker peaking, or a weaker pre-distortion and a stronger peaking could result in similar overall BWs. However, there will be a compromise between power consumption and overall DJJ, since stronger peaking might perturb the group delay and could be not as helpful as a stronger pre-distortion.
Using the above approach, the LSB driver core was designed using a CML differential pair with differential T-coil peaking with digitally-reconfigurable load resistors, as shown in Fig. 7(a). A pre-distortion block also helps with the overall DJJ improvement. The kc for this block, when driving two 170µm MOSCAPs was estimated at 0.14. This amplifier drives each MOSCAP segment with a 0.6Vpp single-ended swing and consumes 55mW at 50Gbps, with the pre-distortion block contributing to 23% of the overall power consumption. The strong differential T-coils used here, delay the current flowing through the load resistor, and initially charge the drain capacitances and the output load, hence improving the BW. As a result of this current delay, the drain voltages of the amplifier experience large jumps during each transition. Two 100fF cross-coupled capacitors are placed at the input of the driver to further increase the input BW of the stage, by re-directing approximately 10% of the drain currents from the opposite outputs. The T-coil inductors were implemented using available designs in standard libraries with tunable parameters. To reduce the area consumption, a coupled differential T-coil could be custom-designed, similar to [64].
Following the proposed approach resulted in the design of the MSB driver, with more than 2 times larger pre-distortion and differential bridged-shunt peaking, also shown in Fig. 7(a). kc of this stage is estimated at 0.38. The overall DDJ using a weaker pre-distortion and a stronger T-coil peaking would result in a worse DDJ due to distorted group delay, with 0.05 < kc < 0.3, although with a lower power consumption. Each output drives a 400µm MOSCAP segment with 0.6Vpp single-ended swing and consumes 98mWat 50Gb/s. The pre-distortion accounts for 38% of the total power for this stage.[image: Diagram  Description automatically generated]
Fig. 8. (a) Data-path buffers, tunable data delay generator, and current pulse width control, (b) differential active peaking output impedance.

[image: Diagram, schematic  Description automatically generated]
Fig. 7. (a) Schematic of the MSB and LSB core drivers, (b) Frequency response of the core drivers with and without inductive peaking.


The simulated normalized frequency responses of both core drivers with and without peaking are depicted in Fig. 7(b). These simulations include the parasitic capacitances of drivers’ corresponding pre-distortion clocks. As evident from Fig. 7(b), the BWER of the MSB and LSB drivers are 1.8 and 4.5, respectively. The lower BWER of the MSB driver corresponds to the stronger pre-distortion, which results in an overall better DDJ performance. As seen in Fig. 7(b), the post-layout-simulated eye diagrams at the output of the driver stages are pre-distorted, while clean eye diagrams are applied across MOSCAP junctions (CMOS).
C. Buffers and Current Pulse Generators (for Pre-distortion)
The schematics of the data stream buffers, the delay generators and the pre-distortion pulse width control are shown in Fig. 8(a). The multiplexed 50Gb/s differential data streams (serializer outputs) are first passed through buffers and current-starved inverter stages. Digitally controllable current-starved stages are used to fine-tune the relative delay between the differential data paths in each slice, as well as the phase difference between the two slices. At such high data rates, static inverter stages cannot guarantee complete settling within one UI even with low fanouts, hence, ISI and DDJ in increased. To address this challenge, differential active peaking circuits, which are highlighted in blue in Fig. 8(a) are implemented [65, 66]. The half-circuit of this active peaking block is shown in Fig. 8(b). Transistors M1 and M2, with their biasing feedback resistors, provide an output impedance with a peak at higher frequencies. When attached to the buffer outputs, the inverters provide smaller gain with a higher BW, which effectively removes the ISI substantially, as depicted in Fig. 8(b). The feedback resistors are digitally tunable and can be switched off depending on performance requirements.
As shown in Fig. 8(a), the buffered and delay-tuned 50Gb/s data streams are passed through 4 separate buffering paths. The 2 main paths consist of fixed-sized buffers that deliver the data to both the driver core and the pre-distortion block (labeled as D1p and D1n in Fig. 8(a)). The other 2 paths include a digitally controllable delay generator in addition to buffers, using bypassing inverter stages. As shown in Fig. 8(a), switches S1 through S3 control the number of inverters that data streams should pass through. The outputs of these paths (labeled as D1p+Δt and D1n+Δt) are also sent to the pre-distortion block. The pre-distortion blocks generate current pulses with adjustable widths of 2ps, 4ps, or 6ps based on the chosen delay.
 A non-zero delay between the data paths of the MSB and LSB slices will result in optical PAM4 eye closure, as shown in Fig. 8(c). Simulations for a relative delay of 5ps or -5ps between the MSB and LSB data paths, show ~20% and ~40% horizontal eye closure, respectively. In case of -5ps relative delay (when LSB leads MSB), the middle eye also experiences ~50% vertical closure, due to 01-to-10 transitions (or vice versa). These transitions experience momentary glitches to 00 and 11, respectively, which increases the settling time, hence increasing ISI for the middle eye.
D. EIC Backend
All 25Gb/s data streams and the 25GHz clock signal are generated by an AWG and fed to the EIC through high-speed PCB traces and signal routings on the PIC. Fig. 9(a) shows the signal path simulation results including all parasitics from AWG to the first amplifier stage inside the EIC.  At the driver back-end, a CML-to-CMOS stage with differential active peaking, shown in Fig. 9(b), is used to amplify the incoming data streams at each data input. The external 25GHz clock is amplified by a CML-to-CMOS stage and then passed through AC-coupled inverter-based TIA stages and buffers, also shown in Fig. 9(b). The clock duty cycle is adjusted by a duty-cycle-correction (DCC) block, which uses controlled DC current injection to adjust the transition times. The two 25Gb/s data streams and the 25GHz clock are then delivered to the 2:1 serializer. The serializer is a differential mixer followed by a CML-to-CMOS stage to generate rail-to-rail 50Gb/s streams.[image: Diagram, timeline  Description automatically generated]
Fig. 10. OTX measurement setup.



Measurement Results[image: Diagram, schematic  Description automatically generated]
Fig. 9. (a) AWG to EIC signal path simulation for data and clock signals, and (b) EIC back-end, 2:1 serializer, clock buffer, DCC and bias control circuitry.


The TX EIC was fabricated in 28nm CMOS process with an active area of ~0.2mm2, which measures 830µm by 750µm. The segmented push-pull MZM is implemented on the PIC with an overall footprint of ~1mm2. The measurement setup is shown in Fig. 10.  All control signals, voltage supplies (0.9V) and the current reference were delivered to a test PCB, on which the 3D integrated OTX was mounted. An external arbitrary waveform generator (AWG) provides 25Gb/s PRBS-31 data streams and a 25GHz clock signal to the EIC and a trigger signal for an optical sampling scope (OSS). The modulated optical output is fiber coupled to the OSS receiver for eye diagram recording and TX dispersion eye closure (TDEC and TDECQ) measurements. An external laser source inputs 10dBm optical power at 1550nm to the PIC via a grating coupler. An erbium-doped fiber amplifier (EDFA) is placed after OTX to amplify the optical signals by 11dB before passing them to the OSS. Considering a trade-off between the optical efficiency and the EOBW of the MOSCAP modulators when their bias voltage is increased, all segments were forward biased at 1V for optimal performance. The PIC exhibits an overall 6.2dB of optical insertion loss, including the 3dB quadrature point loss. The tox of MOSCAP modulators in the fabricated PIC under test were measured at 5.5nm, which showed an increase of 1.5nm from the design, due to process non-uniformity (2nm < tox < 6nm across wafer). This change in tox also resulted in an increase in the measured VπL to 0.8 V.cm.
The measured 50Gb/s NRZ and 100Gb/s PAM-4 optical eye diagrams are shown in Fig. 11. Fig. 11(a, d) show the eye diagrams when minimum peaking and minimum pre-distortion settings are applied. Fig. 11(b, e) show the measured raw eye diagrams using the optimal BW extension settings for the drivers. The measured OMA (including coupling and on-chip insertion losses as well as the EDFA gain) was 1.4dBm. Both eye diagrams were filtered by IEEE 802.3bs compliant 5-tap equalizers, shown Fig. 11(c, f), exhibiting a TDEC of 0.76dB and TDECQ of 1.53dB.[image: Chart  Description automatically generated]
Fig. 12. (a) TDECQ values for 100Gbps PAM4 eye diagrams for different MOSCAP bias voltages and temperatures, (b) EIC power breakdown, and (c) die photos of the 28nm CMOS chip and 3D integration with PIC

Further eye measurements for extreme temperatures and MOSCAP bias voltages are shown in Fig. 11(g-i). At 90ºC, TDECQ is degraded to 2.31dB. Increasing the bias from the optimal value of 1V to 2V has resulted in more optical efficiency, but lower EOBW. As a result, the OMA has remained unchanged, while TDECQ is degraded to 2.97dB. Also, when the bias is decreased to 0.25, eyes are widened thanks to higher EOBW, while vertical closure has resulted in a degraded TDECQ of 4dB.
The last column of Fig. 11 shows eye measurements when there is a relative delay between MSB and LSB data paths. Fig. 11(j) shows outer eyes horizontal closure due to a 4ps delay, which has affected the TDECQ negatively. Generating -4ps of delay degrades the TDECQ even more, since being dominated by the middle eye horizontal and vertical closure, as shown in Fig. 11(k). Finally, Fig. 11(l) shows the measured eye when all extremes occur at the same time, operating at 90ºC, -4ps of relative delay, and 0.25V of bias.[image: A picture containing diagram  Description automatically generated]
Fig. 11: Measured 50Gb/s NRZ and 100 Gb/s PAM4 eye diagrams before and after on-chip BW extension.

The plot in Fig. 12(a) shows TDECQ values versus MOSCAP forward bias voltage for different temperatures. As described in section III-b, increasing the bias improves the optical efficiency while degrading the inherent BW of the MOSCAP due to the enlarged CMOS. Therefore, an optimal bias point is found at 1V that minimizes the TDECQ. The OTX exhibits 53% degradation in TDECQ performance when biased at 1V for temperature ranges from 30 ºC to 90 ºC.
The power breakdown of the EIC is provided in Fig. 12(b). The CMOS chip dissipates 240mW at 100Gb/s PAM4 (including the clock distribution, serializers and core drivers) to deliver 4dB total ER at 1.53dB TDECQ. Die images of the EIC and its 3D integration with PIC, are shown in Fig. 12 (c).
Conclusion
In this paper, a 3D-integrated 100Gb/s PAM-4 OTX was presented. Electronic pre-distortion and BW extension techniques were implemented to compensate for MOSCAP modulator BW limitations. Trade-offs of MOSCAP modulator parameters were studied and used for co-designing the electro-optical interface for optimal EOBW, power consumption and optical efficiency. Table I in shows the overall performance of the OTX in comparison with the prior art. The proposed TX achieves 2.5× better EIC energy efficiency at 100Gb/s, compared to the state-of-the-art co-integrated optical PAM4 transmitters. 
The proposed tightly-integrated SiPh-CMOS OTX demonstrates the potential of compact MOSCAP modulators co-optimized with CMOS drivers, to provide a path for the future 100+Gb/s/λ SiPh transmitters. While this work was focused on optical PAM4 transmission, the system could be scaled up for higher-order coherent modulation schemes, such as quadrature phase shift keying (QPSK) and N-level quadrature amplitude modulation (QAM-N).
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Comparison Table [11JLT20 | [2] JSSC’21 [12]ISSCC’20  [26] JLT'20 [54] JLT'18 [46] BCICTS’18 [57] JSSC’22 | [9] PTL’18 | [18] JLT’18 | [67] Optica’20 This Work
Technology 28nm CMOS | 28nm CMOS | 55nm BiCMOS | 55nm BiCMOS 28nm CMOS 16 nm FinFET 40nm CMOS | 28nm FD-SOI | 28nm FD-SOI | 28nm CMOS 28nm CMOS
Integration Wire-bond 3D 3D Wire-bond 3D 3D Wire-bond Wire-bond 3D 3D

Modulation Device MRM MRM . TW-MZM (6mm) | Dual SiGe EAM . SE-MZM (PIN) SSE-MZM SE-MzZM MRM TW-MZM TW-MZM
Operating Wavelength 1310 nm 1310 nm 1310 nm 1565 nm 1550 nm 1490 nm 1550 nm 1550 nm 1550 nm 1550 nm
Output Voltage Swing 3 Vo 3V, 3.6 Voo 2V, 1 Vip 1.8V, 4V 1V 5V, 2.8V, 1.2V
FFE / Pre-distortion NL FFE + PD | NL+FFE + PD No W-bond peaking | RC Eq. on PIC | No (14 segments)| No (6 segments) | Ind. Feedback | Ind. Feedback | Ind. Peaking | Reconfigurable PD
Signaling PAM4 PAM4 PAM4 PAM4 PAM4 NRZ / PAM4 NRZ / PAM4 NRz NRZ NRzZ NRZ PAM4
Data Rate (Gb/s) 112 Gb/s 112 Gb/s 53.15 Gb/s 106 Gb/s 56 Gb/s 56 Gb/s PAM4 50 Gb/s PAM4 56 Gb/s 50 Gb/s 100 Gb/s 50 Gb/s | 100Gb/s
Total Optical OMA -1.24 dBm -5.2dBm 0.4 dBm ER=45dB -3.6 dBm -2.2dBm5 ER=9.8dB -6 dBm ER=8dB ER=297dB |1.2dBm'|1.4dBm'
TDECQ 0.5dB 0.88 1.8dB BER: 3.17X10% | BER: 2.4X10* ER=9.5dB - ER=4dB - SNR: 2.64 0.76dB | 1.53dB
Input Laser Power 13 dBm 12 dBm? 13.5dBm 12dBm 0dBm 10 dBm - 12 dBm 8dBm - 10 dBm
Chip Active area (mm?) N/A 2253 44 0.3 04 15.84 4.92 - 0695 055 0.62
EIC Power Efficiency (pJ/bit) 6 6 52 15 1.59 126 1364 0.71 11 2.03 244

1: Including coupling losses, on-chip IL and EDFA gain

3: Active area is 0.4mm?
2: Estimated from total laser power of 160mW

5: Estimated from figure
4: Including serializers, clock path and control
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