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Optical interconnects are essential for data centers and AI systems. Given the 

limited energy production, ultra-low energy and dense optical interconnects are 

required to support the exponential growth of AI systems. Here we report the 

demonstration of a monolithically integrated optical transmitter where use of 

power efficient architecture and devices such as capacitive tuning of optical 

structures at zero static power consumption and efficient and wideband inverse 

designed grating couplers enable implementation of a 32-channel transmitter 

chip based on wavelength-division multiplexing achieving a record modulation 

energy efficiency of 32 fJ/bit at 5 Gb/s/channel and 106 fJ/bit at 32 Gb/s/channel, 

which includes the tuning of optical devices. Furthermore, a  record bandwidth 

density of 8 Tb/s/mm2 for a bit-error-rate of 10-12, while all channels are 

simultaneously operating with an aggregate data-rate of 1.024 Tb/s, was 

achieved.  The system utilizes 16 carrier wavelengths in the optical C band. The 

pseudo-random-bit-streams are electrically generated on-chip and used to drive 

individually wavelength-stabilized 2-section p-n-capacitive micro-ring 

modulators using integrated energy-efficient high-swing electrical drivers. The 

low-loss inverse designed grating couplers have -1-dB bandwidth of 25 nm. The 

chip, implemented using GlobalFoundries 45CLO CMOS SOI process within a 

footprint of 1.55 mm × 1.11 mm, concurrently achieves the highest aggregate 

data-rate, the highest energy efficiency and the highest bandwidth density for a 

multi-channel high date-rate optical transmitter chip reported to date. 



High performance computing systems and data centers are facing unprecedented 

demand due to the growth of data-intensive applications such as generative artificial 

intelligence (AI). Given the limited global energy production, the exponentially growing 

energy demand of such systems can slow down their scalability. Meanwhile, existing 

infrastructure, which is often optimized for traditional computing tasks, undergo 

continuous optimization to support the ever-increasing compute demand. Modern AI 

models, especially large deep neural networks, require massive parallel computing 

units such as graphics processing units (GPUs), tensor processing units (TPUs) and 

high bandwidth memory modules1,2,3 and face significant bottlenecks due to the limited 

throughput and energy efficiency of the high-speed local interconnects between 

modules, both at the scale-up and scale-out levels4. As such systems are expected to 

continue growing5, addressing the bottleneck in energy-efficient data movement 

becomes a critical challenge. 

Optical links have emerged as a viable solution for high-bandwidth and low-loss, 

long-reach interconnects and play a crucial role in advancement of data centers and 

long-haul communication networks6. Industry-standard optical pluggable modules can 

be seamlessly integrated with existing infrastructures while enhancing overall data 

throughput7 and have evolved to support data-rates of 800 Gb/s and beyond8. 

However, despite recent advancements, the energy efficiency, bandwidth density and 

latency of current pluggable optical interconnects need to be further improved and new 

innovations in optical device technology, system architecture and packaging are 

needed to meet the growing needs of modern computing infrastructure9,10,11. Recent 

advances in silicon photonics have paved the way for compact, high-bandwidth, low-

latency and energy-efficient interconnects, primarily realized through either co-

packaged (hybrid) or monolithic integration12-22. Both integration approaches have 

been extensively explored for optical links, each offering distinct advantages and trade-



offs. Hybrid integration leverages separate electronic and photonic chips, fabricated 

using state-of-the-art processes and vertically stacked often through micro-bumps and 

flip-chip bonding. While this method enables the use of high-performance electronic 

and photonic components, the associated packaging parasitics could limit energy 

efficiency and operational bandwidth. 

Monolithic integration minimizes parasitic components and reduces packaging 

complexity, resulting in improved energy efficiency and higher data-rates. However, 

the performance of on-chip electronic and photonic devices may fall short of the 

performance achieved by state-of-the-art components fabricated through specialized 

CMOS-only or photonics-only processes.  

Here we report the demonstration of a monolithic 32-channel optical transmitter 

chip that utilizes wavelength division multiplexing (WDM) and the non-return to zero 

(NRZ) modulation scheme to achieve an aggregate data-rate of 1.024 Tb/s using a 

single-mode input optical fiber, delivering 16 optical carriers with carrier-to-carrier 

spacing of 200 GHz to the chip, and four output (link) fibers. Optical carriers are split 

on chip and modulated at 32 Gb/s with different bit-streams. Reduced parasitics 

between electronic circuits and photonic devices enabled by monolithic integration as 

well as use of energy-efficient and low-loss techniques and designs such as capacitive 

tuning of optical structures at zero static power consumption, low-power electronic 

circuits, and wideband and efficient inverse designed grating couplers results in a 

record system energy efficiency. The modulators are novel 2-section p-n-capacitive 

micro-ring modulators (MRM) with energy efficiency of 106 fJ/bit and 32 fJ/bit at 32 

Gb/s and 5 Gb/s, respectively. The chip achieves a bit-error-rate of less than 10-12 

while operating at 1.024 Tb/s (32 channels concurrently operating at 32 Gb/s/channel). 

Furthermore, compact design for electronic and photonic devices results in a record 

areal bandwidth density of 8.0 Tb/s/mm2. The input and output grating couplers are 



implemented using inverse design approach to support a -1-dB optical bandwidth of 

25 nm, needed to support 16 carriers with 1.6 nm spacing, while achieving a higher 

coupling efficiency compared to the standard grating couplers.  

The chip, implemented using the GlobalFoundries GF45CLO process (a 45 nm 

CMOS SOI process)23, paves the way for realization of low-power high data-rate 

optical links for future data centers. 

Results 

Figure 1 shows the block diagram of the implemented monolithically integrated 32-

channel transmitter chip. A single-mode fiber delivers 16 optical carriers with 1.6 nm 

carrier-to-carrier spacing in the optical C band to the chip, where they are coupled into 

the chip through the input inverse designed grating coupler and routed to the input 

Mach-Zehnder interferometer (MZI). The MZI de-multiplexes the even and odd carriers 

at its two output waveguides. Each output of the MZI demultiplexer is equally split using 

a Y-junction splitter and each of the 4 outputs of the two Y-junctions serves as the 

common bus waveguide for 8-cascaded 2-section p-n-capacitive MRMs. On-chip test 

data generator units generate different 32 Gb/s pseudo-random bit sequences that are 

used to modulate the carriers within the 32 channels by driving the p-n sections of the 

MRMs using low power modulator drivers. The modulated outputs of 8 cascaded 

MRMs on the same bus waveguide are coupled out of the chip using an inverse 

designed grating coupler. To maintain wavelength alignment, the wavelength locking 

and carrier tracking system wavelength-locks each MRM to its corresponding target 

optical carrier.  MRMs in channels 1-16 are designed to modulate carriers with an odd 

wavelength number (i.e. 1, 3, … 15) and MRMs in channels 17-32 are designed to 

modulate carriers with an even wavelength number (i.e. 2, 4, … 16). 

 



 
Fig. 1 | System architecture. Block diagram of the implemented monolithically 
integrated 32-channel transmitter for 16 wavelengths based on 2-section p-n-
capacitive micro-ring modulators and inverse designed input/output grating couplers. 
 

Given the required input optical bandwidth, which spans 16 optical carriers with 1.6 

nm carrier-to-carrier spacing, ideally, the free spectral range (FSR) of each MRM 

should be set to be larger than the input optical bandwidth and by cascading such 

MRMs with varying FSRs on a bus waveguide, target carriers can be selected and 

modulated with the corresponding bit-streams24. Despite offering a straightforward 

frequency planning, this approach poses certain practical challenges for the MRM 

design as the large required FSR (and hence a rather small MRM diameter) results in 

increased optical loss and reduced modulation efficiency due to reduced MRM quality 

factor.  

Another approach for selecting and modulating 16 optical carriers is to use MRMs with 

FSRs smaller than the input optical bandwidth. In this case, while using MRMs with 

larger perimeters results in a lower optical loss and a higher MRM quality factor and 

modulation efficiency25, 26, a careful FSR design is required to limit the crosstalk 

between the channels. In this work, besides optimizing the FSR of the MRMs,  the 

crosstalk is further reduced by separating the even and odd wavelength using the input 



1:2 MZI-based demultiplexer, effectively doubling the carrier-to-carrier spacing on 

each waveguide bus (which contains eight cascaded MRMs). Additionally, in this work 

the number of modulator channels are set to 32, which requires sharing 1 wavelength 

between two MRMs. This is achieved by using Y-junctions to equally split the power 

of a set of eight carriers between two sets of bus waveguides (each feeding eight 

MRMs). The details of the design of the system wavelength response and carrier 

demultiplexing are included in Method section and Extended Data Fig. 1.  

 
Inverse designed grating couplers  

Given the carrier-to-carrier spacing, the required input optical bandwidth linearly 

increases with the number of optical carriers. This input optical bandwidth sets the 

minimum bandwidth requirement for input/output (I/O) optical interfaces. While edge 

couplers offer a relatively large optical bandwidth, efficient edge couplers often occupy 

a rather large chip area, significantly reducing the areal bandwidth density. On the 

other hand, despite small footprint, conventional optical grating couplers suffer from a 

limited bandwidth and often a larger coupling loss compared to edge couplers. In this 

work, the photonic inverse design method (based on a variation of the software 

package SPINS described in our prior works27,28) was used to design grating couplers 

with increased optical bandwidth and reduce coupling loss.  To inverse design the 

grating coupler in the GlobalFoundries GF45CLO process three steps were 

considered. First, only a single layer (polysilicon) on top of the silicon slab is chosen 

for optimization to break the longitudinal symmetry of the grating coupler structure. 

Second, the objective function is framed to target the minimum required optical 

bandwidth while minimizing the coupling loss. Third, the optimization is constrained by 

the fabrication limitations (e.g. minimum feature and gap sizes) of the GlobalFoundries 

GF45CLO process. Figure 2a shows the structure of the implemented inverse 

designed grating coupler. The grating structure has a footprint of 12 µm x 12 µm. The 



grating structure is tapered to a 500 nm wide single-mode waveguide using a 100 µm 

long linear taper. The gratings in polysilicon layer are asymmetric with varying widths 

and gaps, which are defined by the optimization tool. Grating coupler structures were 

fabricated without any violations of the process design rules. Figure 2b shows the 

measurement results for two back-to-back inverse designed grating couplers 

structures, where a minimum insertion loss of 9 dB (4.5 dB per grating coupler), and 

the -1 dB and -3 dB bandwidths of 25 nm and 45 nm were measured, respectively. For 

a 1.6 nm carrier-to-carrier spacing, the implemented inverse designed grating couplers 

support 16 carriers with about 1 dB power variations between the carriers. 

Optical de-multiplexer and splitter   

The structure of the MZI de-multiplexer at the chip input is shown in Fig. 2c. A 

wideband 50/50 directional coupler29 is used at the MZI input to equally split and route 

the signal into two branches. The light in the top branch is delayed using a meandered 

optical delay line and another wideband 50/50 directional coupler is used to combine 

the two branches at the MZI output. The curved directional couplers used in the MZI 

de-multiplexer are designed with a linear length, coupling region curve radius and gap 

of 50 µm, 46 µm and 200 nm, respectively. The length difference between the arms of 

the MZI is set to about 190 µm corresponding to an FSR of about 3.2 nm. 

Figure 2d shows the measured transmission response of the implemented MZI, where 

an extinction ration of more than 25 dB is maintained across at least 40 nm of 

bandwidth. A resistive heater element, isolated using oxide trenches, was placed near 

the delay line, which can be used for thermal tuning in case needed. The measured 

Pπ of this thermal phase shifter is about 8 mW. 

 



 
 
Fig. 2 | Inverse designed grating coupler, de-multiplexer and modulator. a, The 
implemented grating coupler structure using inverse design approach. b, Measured 
response of the back-to-back grating coupler structure. c, The implemented MZI 
structure with wideband couplers and integrated heaters. d, Measured normalized 
transmission of the MZI showing an FSR of around 3.2 nm. e, Perspective view of the 
undoped MRM and f, top view of the implemented MRM structures with p-n and 
capacitive sections. Cross sections of g, p-n and h, capacitive phase shifters. i, 
Normalized optical response of an MRM showing an FSR of about 8.4 nm. j, The 
measured tuning response of the reverse biased MRM. k, Measured MRM optical 
transmission response for different applied bias voltages across the capacitive section. 
l, Measured capacitive wavelength tuning and extinction ratio versus applied voltages 
across the capacitive section. m, Measured thermal wavelength tuning versus the 
heater power. Lc: length of the coupling region. Ls: length of the polysilicon taper. Lv: 
length of the straight region of the MRM. 
 

 
 
 



 
Capacitively tuned micro-ring modulators 
 

Micro-ring modulators offer compact footprint, high quality factor, and high bandwidth 

and are promising devices to enable large scale, energy efficient, and high-speed 

optical transmitter systems30,31,32. To maximize the modulation efficiency in a micro-

ring modulator, different design parameters, such as coupling coefficient, ring 

circumference and loss need to be optimized. More details on the effect of design 

parameters on micro-ring resonator performance are included in the Methods section 

and Extended Data Fig. 2. The multi-section MRM structure in this work is inspired by 

the design in our prior work12 but modified based on the frequency planning of this 

system, which is designed to support 32 channels given 16 input optical carriers, while 

minimizing the channel-to-channel crosstalk. Each MRM can be capacitively tuned and 

locked to the target wavelength at zero static power consumption.  

The perspective view of the structure of the MRM without doping layers is shown in 

Fig. 2e. The top view of the implemented MRM with doping layers and the cross 

sections of the p-n and capacitive sections are shown in Figs. 2f, g and h, respectively.  

The implementation of the MRM structure does not require any foundry process 

modifications nor any post processing. 

The p-n section is formed by laterally doping 61% of the silicon waveguide of the ring 

with a 66.6%-33.3% ratio. The capacitive section constitutes 31% of the ring 

circumference, including the ring coupling region, and is formed as a vertical stack of 

polysilicon-oxide-silicon (p-o-s) structure, where the oxide layer is the gate thin oxide 

layer used for MOSFET transistors in the GF45CLO process. Since the thickness of 

the thin oxide layer is much smaller than the waveguide dimensions, it does not affect 

the optical mode, which is confined within the vertical polysilicon-oxide-silicon 

structure. By applying a voltage across the capacitor, the charge profile within the 



capacitive modulator changes, effectively modifying the index of refraction of the p-o-

s waveguide, which shifts the phase of the propagating optical wave based on the 

overlap between the optical mode and the altered charge profile. The FSR of each 

MRM is optimized to ensure the lowest possible loss and crosstalk while effectively 

de-multiplexing and modulating the 16 input optical carriers. Under normal operation, 

capacitive tuning is sufficient to compensate for the effect of process variation and lock 

the MRMs to the corresponding target wavelengths29. Besides capacitive tuning, in 

cases a larger tuning range is needed,  a resistive heater (i.e. a lightly doped silicon 

structure) placed inside each MRM can be used for thermal tuning.  

Figure 2i shows the normalized optical response of the designed MRM, where an 

extinction ratio of more than 10 dB and an FSR of about 8.4 nm is measured. The 

optical resonance shift for different applied reverse biased voltages across the p-n 

junction is shown in Fig. 2j, where a tuning efficiency of about 13 pm/V is measured. 

Figure 2k shows the MRM tuning response as a function of the voltage applied across 

the capacitive section. The charge accumulation within the waveguide region is altered 

as the voltage across the capacitive section is changed such that, as shown in Fig. 2l, 

increasing the voltage causes the MRM resonance to shift to the smaller wavelengths 

(blue shift), and also increases the loss within the capacitive modulator, which reduces 

extinction ratio and the quality factor of the MRM. For the MRM in this work, a typical 

maximum resonance shift using capacitive tuning is about 180 pm at 4 V. The 

breakdown voltage of the capacitive section (for which the thin oxide layer between 

the polysilicon and silicon layers is damaged) is about 6 V.  

For the unlikely case that capacitive tuning alone is insufficient for wavelength tuning 

of the MRMs, resistive heaters can be used. Figure 2m shows the measured thermal 

tuning response of an implemented MRM, where a thermal tuning efficiency of about 



230 pm/mW is achieved. Note that the thermal tuning efficiency could be further 

improved if thermally isolating deep trenches are used. 

High-speed drivers and wavelength locking and tracking system 

Figure 3a shows  the block diagram of the subsystems of the implemented transmitter 

chip. Each subsystem includes eight MRMs placed on an optical waveguide bus, 

electronic circuits for data generation and distribution, MRM drive and MRM 

wavelength control. The p-n section of each MRM is connected to a low-power high-

speed modulator driver. To concurrently test all 32 channels, transmitting data is 

generated on-chip using pseudo-random bit sequence (PRBS) generators. Each 

PRBS generator can simultaneously provide data to 8 modulator drivers.  

The dual sensing, actuation, and memory (DSAM) unit is used to tune and control the 

resonance wavelength of the MRMs. The DSAM unit of an MRM has two actuation 

channels. One is used to capacitively tune the MRM and the other one, in case needed, 

is used for thermal tuning of the MRM.  A shared central control unit (which includes a 

digital ring selection circuit, a comparator and a current-to-voltage converter) is used 

to sequentially select and control the DSAM units. On-chip PRBS generators, 

synchronized with an off-chip clock, followed by serializer units, are used to generate 

the input NRZ bit-streams. The design of the on-chip bit-stream generator, which 

utilizes the standard PRBS-7 pattern33, is similar to our 256Gb/s transmitter design12. 

Each PRBS generator creates a pseudo random bit-sequence at 32 Gb/s, which is 

seamlessly repeated, ensuring concurrent independent modulation of all 32 channels. 

The output of the PRBS generator is routed to the high-speed electrical data-path. 

Figure 3b shows the schematic of the electrical data-path, where the input bitstream is 

amplified using a series of inverter stages and then level-shifted.  Within the level 

shifter, the data is routed to two signal paths, where a network of resistors and 

capacitors in each path is used to high-pass filter the signal and adjust its DC level. 



The signals within each path are further amplified using inverters, with an additional 

carefully sized inverter stage on one of the paths to convert the signal from single-

ended to differential while minimizing the delay mismatch. The level shifter outputs are 

routed to the MRM driver stage, which is formed using vertically stacked transistors, 

effectively increasing the output switch across the p-n junction of the MRM to about 

two times the supply voltage without exceeding the breakdown voltage of the 

transistors34. The driver output drives the p-n junction of the MRM differentially at a 

swing of about four times the DC supply voltage with no need for a negative DC supply. 

The series capacitor followed by the shunt resistor placed between the driver output 

and the MRM allows for adjusting the DC bias across the p-n junction independent of 

the driver output signal. The electrical path has a low cut-off frequency of about 7 MHz 

enabling the chip to operate at data-rates higher than 1 Gb/s when PRBS-7 scheme is 

used. 

The measured and simulated normalized electro-optic response of the high-speed 

data path driving the MRM is shown in Fig. 3c. The entire high-speed data path 

(including the pre-amplifiers placed after the PRBS generators) has a bandwidth of 

about 17 GHz, which is in close agreement with simulation results. 

The block diagram of the DSAM unit of an MRM is shown in Fig. 3d, where in the 

first actuation channel, the digital output of a 5-bit up/down counter is level-shifted, 

amplified using inverters (increasing the digital high logic from VDD to 2VDD), 

converted to an analog voltage, Vcap, using a 5-bit R-2R resistive ladder digital-to-

analog converter (DAC) and then used to tune the capacitive section of the MRM. In 

the second actuation channel, the digital output of a 7-bit shift register is converted to 

an analog voltage using a 7-bit R-2R resistive ladder DAC and is used to tune the 

MRM heater. To monitor the MRM tuning and locking a SiGe photodiode (with a 

responsivity of about 0.9 A/W) is used to photo-detect 2% of the MRM output, which is 



 

 
Fig. 3 | MRM drive, tuning and locking. a, Block diagram of the integrated 8-channel 
subsystem with eight MRMs on a bus, the data-generation, driver electronics and  
MRM tuning and locking control circuits. b, Schematic of the electrical data path 
including the pre-amplifier, level shifters and driver. c, Measured electro-optical 
response of the MRM. d, Diagram of the dual sensing actuation and memory (DSAM) 
unit, which controls the capacitive and heater sections of the MRM. e, Block diagram 
of the shared MRM locking and control circuit. f, Measured MRM capacitive locking 
process. 
 
sampled using a directional coupler.  The design of the DSAM units follows our prior 

work12. DSAM units are activated sequentially (one at a time) using an on-chip digitally 

controlled selector, which is implemented using a shift register. The block diagram of 

the shared central control unit used for wavelength locking and carrier tracking is 

shown in Fig. 3e.  The  central control unit sequentially selects the MRMs. When an 

MRM is selected (by activating its enable signal, En), the feedback photo-current from 

the corresponding DSAM unit is routed to the central control unit, converted to a 



voltage, Vfb,  (using an on-chip resistor or an off-chip potentiometer) and compared 

with a user-defined threshold. The threshold voltage, Vth, is set using a serially 

programed 6-bit shift register followed by an R-2R  resistive ladder DAC. The threshold 

voltage sets the desired offset between the wavelength of each carrier and the 

resonance wavelength of the corresponding MRM. By comparing Vfb and Vth, the 

output of the comparator sets the up/down signal of the 5-bit counter within the DSAM 

unit, which counts up or down on the rising edge of the off-chip clock (Counter clk). 

The measured MRM capacitive locking process is shown in Fig. 3f, where in a 

feedback loop, the voltage across the capacitive section is dynamically changed to 

match the feedback voltage to the threshold voltage, locking the resonance 

wavelength of the selected MRM to the wavelength of the corresponding target carrier. 

Note that DSAM units have a µW-level power consumption in the idle mode and when 

selected, they consume about 50 µW during the dynamic locking process.  

System measurement results 

Figure 4a shows the micrograph of the implemented 32-channel optical transmitter 

chip fabricated using GlobalFoundries GF45CLO CMOS SOI process.  

To perform concurrent measurements of all 32 channels of the transmitter chip, a 

16-channel laser source, formed using two Thorlabs PRO8000 units each housing 8 

distributed feedback (DFB) laser modules, was used. The measured optical spectrum 

of the combined output of the 16-channel laser source, operating on the 1.6 nm 

international telecommunication union (ITU) grid, is shown in Fig. 4b, where a peak 

power variation of less than 0.5 dB across all carriers is observed.  

Figure 4c shows the measurement setup, where the output of the 16-channel laser 

source is amplified, polarization adjusted and coupled into the chip through the input 

inverse designed grating coupler. The PRBS7 bit-stream is generated and distributed 

on-chip to simultaneously drive all 2-section MRMs. The clock signal for the on-chip 



PRBS generator is provided using an off-chip frequency synthesizer. A microcontroller 

programs the on-chip wavelength locking and carrier tracking circuit.  

Modulated carriers are coupled out of the chip and into the single-mode fibers using 

inverse designed grating couplers. To monitor each modulated carrier, a narrowband 

optical filter (Santec OTFC-910) with an insertion loss of approximately 4 dB is utilized 

before detection. To compensate for the coupling and filter losses, the output signal of 

the optical filter is amplified using an erbium-doped fiber amplifier (Thorlabs 

EDFA100S) and coupled to the GTRAN-GT40 optical receiver with differential outputs. 

One output of the receiver is connected to an Infiniium DCA-J 86100C sampling 

oscilloscope to monitor the output eye diagram, and the other output is used to 

measure the bit-error-rate (BER) using an SHF 11100A error analyzer.  

Figure 4d shows the measured optical transmission response of the 32-channel 

transmitter chip for 4 buses (with 8 channels per bus) after sequential wavelength 

locking and tracking is engaged, aligning all channels to the corresponding input 

optical carriers. Over many measurements, majority of the tuning and tracking were 

performed using capacitive tuning with zero static power consumption. However, for 

certain cases, partial thermal alignment for a fraction of channels was needed (for 

which, an average power consumption of about 3.6 mW for channels with thermal 

tuning was measured).  

Figure 5a shows the measured photo-detected output eye diagrams of all 32 

channels operating simultaneously at 32 Gb/s/channel, corresponding to an aggregate 

data-rate of 1.024 Tb/s.  In this measurement, while all channels are active, the narrow 

tunable optical band-pass filter placed after the chip output is tuned to monitor eye 

diagrams of all 32 channels (one at a time). Note that for the eye-diagram 

measurements, the total optical power before the chip, corresponding to the sum of 

the power of all 16 carriers, is about 21 dBm, which is limited by the power handling of 



 
Fig. 4 | Measurement setup and optical response of different channels. a, 
Micrograph of the implemented 32-channel 1.024 Tb/s transmitter chip. b, Measured 
optical spectrum of the input 16-channel laser source, serving as 16 optical carriers 
with a carrier-to-carrier spacing of 1.6 nm. c, Block diagram of the measurement setup 
for the 32-channel optical transmitter chip. d, Measured normalized optical 
transmission responses of the 32-channel transmitter chip for buses 1-4 with a 3.2 nm 
spacing between consecutive resonance wavelengths. 



the chip passivation layer. Higher optical power levels irreversibly damage the 

passivation over the input grating coupler. Figure 5b and 5c show the measured BER 

at 32Gb/s for different optical power levels at the modulator input and different per-

channel data-rates, respectively, indicating that error-free operation (BER<10-12) at 32 

Gb/s requires optical power levels of 1 dBm or higher at the modulator input. Note that 

here, the maximum per-channel data-rate is mostly limited by the speed of the 

integrated electronics. Figure 5d shows the energy efficiency of the modulator for 

different per-channel data-rates, achieving 106 fJ/bit at 32 Gb/s and 32 fJ/bit at 5 Gb/s 

(based on CV2/4 calculations35). 

 
Fig. 5 | Chip measurement results. a, Measured eye diagrams of all 32 channels 
working simultaneously at per-channel data-rate of 32 Gb/s, corresponding to an 
aggregate data-rate of 1.024 Tb/s. b, Measured BER versus input optical power at the 
modulator input for per-channel data-rate of 32 Gb/s. c, Measured BER versus per-
channel data-rate. d, Energy efficiency of the modulator versus per-channel data-rate. 
 

Discussion 

In summary, we have demonstrated an energy efficient single chip 32-channel optical 

transmitter based on wavelength-division multiplexing. Utilizing monolithic integration  



approach, we designed a system with inverse design input/output grating couplers, 2-

section p-n-capacitive MRMs, MZI based demultiplexer, energy efficient modulator 

drivers, wavelength locking and carrier tracking circuits and test data generator units. 

The capacitively tuned MRM offers wavelength locking and carrier tracking at zero 

static power consumption. The maximum per-channel error-free data-rate of 32 Gb/s 

was achieved. The chip supports simultaneous modulation of 16 carriers within 32 

channels, resulting in an aggregate data-rate of up to 1.024 Tb/s. The system is 

implemented using GlobalFoundries 45CLO, a 45 nm CMOS SOI process, without any 

process modification or post-processing. Monolithic integration results in reduced  

parasitics in the interface between the electrical drivers and MRMs. As a result, the 

modulation efficiency reaches 32 fJ/b at 5 Gb/s and 106 fJ/b at 32 Gb/s, which includes 

the power consumption of the on-chip autonomous MRM capacitive wavelength tuning 

and locking. Furthermore, a bandwidth density of 8.0 Tb/s/mm2 for the modulators, 

drivers, and control units is achieved. The performance of the implemented 32-channel 

transmitter system is compared with that of previously published state-of-the-art multi-

channel NRZ optical transmitter systems in Extended Data Table 1. This work  

simultaneously achieves the highest reported aggregate data-rate, bandwidth density 

and energy efficiency, and advances the state of the optical interconnects for future 

data centers and AI applications.  

 
Methods 

Chip fabrication  

The transmitter chip was monolithically integrated using the GlobalFoundries 45CLO 

CMOS-SOI silicon photonic platform. This technology supports devices with an ் of 

up to 280 GHz, making it well-suited for RF signal generation and conditioning  on the 

same chip alongside the optical devices and corresponding control electronics. The 



monolithic integration enables the realization of optical transceivers with reduced 

packaging complexity and less parasitics.  

The design incorporates photonic waveguides with an optical loss of approximately 1.4 

dB/cm at around 1550 nm and photodiodes exhibiting a responsivity of approximately 

0.9 A/W and bandwidth of about 50 GHz. 

System wavelength planning and carrier demultiplexing 

The relative wavelength response of the MRMs and carriers is designed to achieve  

high energy efficiency while maintaining a low crosstalk.  Extended Data Fig. 1 shows 

the effect of the FSR of the MRMs on crosstalk for a given carrier-to-carrier spacing. 

Extended Data Fig. 1a shows a practical example, where 16 carriers (labeled from 1 

to 16) with a carrier-to-carrier spacing of spacing,  and an MRM (whose transmission 

response is shown with dashed red lines) with an FSR larger than spacing but smaller 

than the input optical bandwidth are used. In this case, when one of the resonances of 

the MRM aligns with the target optical carrier, another resonance wavelength of the 

MRM could fall close to a non-target carrier (say ୡ away) causing crosstalk. Note 

that, the crosstalk is minimized when 
∆஛ౙ

஛౩౦౗ౙ౟౤ౝ
 is maximized. Extended Data Fig. 1b 

shows 
∆஛ౙ

஛౩౦౗ౙ౟౤ౝ
 as a function of 

୊ୗୖ

஛౩౦౗ౙ౟౤ౝ
 for 16 carrier wavelengths, where the minimum 

achievable crosstalk (i.e. for the largest possible ୡ  of ୱ୮ୟୡ୧୬୥ or equivalently  

∆஛ౙ
஛౩౦౗ౙ౟౤ౝ

occurs for certain values of 
୊ୗୖ

஛౩౦౗ౙ౟౤ౝ
 (i.e. 8.5, 9.5, 10.5, …). In this case, 

given the desired spacing, the circumference of the MRM could be set to achieve the 

required FSR minimizing the crosstalk. Note that since a larger MRM often exhibits a 

higher quality factor and is less sensitive to fabrication process variations, a 

reasonable design choice would be to select the largest MRM that achieves 
∆஛ౙ

஛౩౦౗ౙ౟౤ౝ

 (which in this example would be an MRM with an of ୱ୮ୟୡ୧୬୥). 



Crosstalk can be further improved if instead of using consecutive carriers, odd/even 

carrier de-multiplexing technique26 is used (Extended Data Fig. 2c). In this case, only 

every other optical carrier (odd or even) with spacing of 2λspacing between adjacent 

carriers will be passed to MRMs on a bus. Extended Data Fig. 1d shows 
∆஛ౙ

஛౩౦౗ౙ౟౤ౝ
 as a 

function of 
୊ୗୖ

஛౩౦౗ౙ౟౤ౝ
 for the odd/even carrier multiplexing case, where the minimum 

achievable crosstalk occurs for certain values of 
୊ୗୖ

஛౩౦౗ౙ౟౤ౝ
 (i.e. 9, 11, 13, …). Here, the 

largest possible ୡ  of ୱ୮ୟୡ୧୬୥ results in the minimum crosstalk, indicating that, for 

the same number of optical carriers in the system, the use of odd/even wavelengths 

de-multiplexing technique further reduces the crosstalk.  

 
Extended Data Fig. 1 | System wavelength planning and carrier demultiplexing. 
a, System wavelength configuration with 16 carriers and an MRM with an FSR larger 
than carrier-to-carrier spacing but smaller than the input optical bandwidth and b, the 
corresponding minimum achievable crosstalk condition for different FSR of the MRM 
normalized to carrier-to-carrier spacing. c, System wavelength configuration with 
odd/even carrier de-multiplexing and d, the corresponding minimum achievable 
crosstalk condition for different FSR of the MRM normalized to carrier-to-carrier 
spacing. 
 
Micro-ring modulator design parameters 
 
The intensity transmission function of a ring resonator is given by31 

 ௣௔௦௦

௜௡௣௨௧

ଶ ଶ ଶ ଶ

ଶ ଶ ଶ ଶ
 (1) 



where ଶ, ଶ, , ,  and  are the power loss in the ring per round-trip ( 

including both propagation loss in the ring and the loss of the couplers), the power 

coupling coefficient to the ring from the bus waveguide, the propagation constant of 

the circulating mode, the waveguide refractive index, the operation wavelength and 

the circumference of the ring, respectively. In this case, the extinction ratio (ER), quality 

factor (Q), and modulation efficiency (ME) are defined as  

 
ଵ଴

௠௔௫

௠௜௡
 (2) 

 ௥௘௦  (3) 

 
 (4) 

where ௠௔௫ and ௠௜௡  represent the maximum and minimum transmission coefficients  

and  is the full-width at half-maximum value of the resonance intensity spectrum 

that can be derived using the intensity transmission function in Eq. 1.  

Assuming , the ER and Q versus power coupling coefficient for different loss 

values inside a ring resonator with  are calculated and depicted in Extended 

Data Fig. 2a. While the ER peaks for the case that the ring resonator is critically 

coupled, Q drops monotonically as coupling coefficient increases.  Extended Data Fig. 

2b shows the ME versus power coupling coefficient. Note that the maximum of ME 

occurs when the ring resonator is slightly under-coupled. For example, for the case 

that the ring loss is 13% (dashed lines in Extended Data Figs. 2a and 2b), the critical 

coupling (where the ER is maximum) occurs at power coupling coefficient of 0.13, 

while the ME is maximum at power coupling coefficient of around 0.07 (corresponding 

to an ER of about 10 dB). These trade-offs were used to design efficient micro-ring-

based modulators for the system.  



 

Extended Data Fig. 2 | Micro-ring resonator design parameters. a, Calculated 
extinction ratio and quality factor of the ring resonator versus power coupling 
coefficient for different loss values in the ring. b, Calculated modulation efficiency for 
the ring resonator versus power coupling coefficient for different loss values in the ring. 
Here,  and . 
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 Ref. 36 Ref. 37 Ref. 38 Ref. 39 This work 

Integration 
approach 

Monolithic 
Hybrid (flip-

chip) 
Hybrid (flip-chip) 

Hybrid (flip-
chip) 

Monolithic 

Modulator type 
Single section 

p-n based 
micro-ring 

Single section 
p-n based 
micro-disk 

Single section p-n 
based micro-disk 

Single 
section p-n 

based 
micro-ring 

2-section p-n and 
capacitive based micro-

ring 

Operation band C O C O C 

PIC technology Monolithic Custom Custom Custom Monolithic 

EIC technology 
45 nm CMOS 

SOI 
12 nm FinFET 28 nm CMOS 

28 nm 
CMOS 

45 nm CMOS SOI 

Post-
processing 

Yes No No No No 

ER 10 dB 7 dB 9 dB 5 dB 11 dB(1) 

Wavelength 
tuning/locking 

Thermal tuning 
and locking 

Thermal 
tuning and 

locking 
No 

Thermal 
tuning and 

locking 

Capacitive and 
thermal 

tuning/locking 

Tuning 
efficiency 

1.25 nm/mW 0.27 nm/mW Not available Not reported 

Capacitive: 0.045 
nm/V at zero power. 

Thermal: 0.23 nm/mW 

Aggregate 
data-rate 

55 Gb/s 372 Gb/s 800 Gb/s 400 Gb/s 1024 Gb/s 

Concurrent 
aggregate data-

rate 
5 Gb/s 12 Gb/s 10 Gb/s 400 Gb/s 1024 Gb/s 

BER for 
Concurrent 

demonstration  
Not available Not available 

Not available 

(10-8 to 10-10 after 
link Rx) 

Not 
available 

10-12 

Number of 
laser/carriers 

1 (one channel 
at a time) 

 

1 (one 
channel at a 

time) 
4 8 16 

Number of 
channels 

11 31 80 8 32 

Bandwidth 
density 

Not available Not available 
5.3 Tb/s/mm2 

(excluding 
drivers) 

Not 
available 

8.0 Tb/s/mm2 

(including MRM 
drivers) 

Data-rate per 
channel 

5 Gb/s 12 Gb/s 10 Gb/s 50 Gb/s Up to 32 Gb/s 

Modulation 
energy 

efficiency  

30 fJ/b @ 5 
Gb/s 

150 fJ/b @ 12 
Gb/s (2) 

50 fJ/b @ 10 Gb/s 
plus 176 fJ/b for 
thermal control 

system 

0.56 pJ/b @ 
50 Gb/s (3) 

32 fJ/b @ 5 Gb/s  
45 fJ/b @ 10 Gb/s 

106 fJ/b @ 32 Gb/s 

(1) For Vcap=0. 
(2) Includes data serialization. 
(3) Includes data path. 

Extended Data Table. 1 | Performance summary and comparison with selected 
NRZ optical transmitters. 

 

 

 

 



References 

[1] G. Michelogiannakis et al., “A Case For Intra-rack Resource Disaggregation in HPC,” ACM 
Trans. Archit. Code Optim., vol. 19, no. 2, pp. 1–26, Jun. 2022, doi: 10.1145/3514245. 

[2] W. J. Dally, S. W. Keckler, and D. B. Kirk, “Evolution of the Graphics Processing Unit 
(GPU),” IEEE Micro, vol. 41, no. 6, pp. 42–51, Nov. 2021, doi: 10.1109/MM.2021.3113475. 

[3] T. B. Brown et al., “Language Models are Few-Shot Learners,” 2020, arXiv. doi: 
10.48550/ARXIV.2005.14165. 

[4] R. Mahajan et al., “Co-Packaged Photonics For High Performance Computing: Status, 
Challenges And Opportunities,” J. Light. Technol., vol. 40, no. 2, pp. 379–392, Jan. 2022, 
doi: 10.1109/JLT.2021.3104725. 

[5] H. Touvron et al., “LLaMA: Open and Efficient Foundation Language Models,” 2023, arXiv. 
doi: 10.48550/ARXIV.2302.13971. 

[6] A. Singh et al., “Jupiter Rising: A Decade of Clos Topologies and Centralized Control in 
Google’s Datacenter Network,” ACM SIGCOMM Comput. Commun. Rev., vol. 45, no. 4, 
pp. 183–197, Sep. 2015, doi: 10.1145/2829988.2787508. 

[7] K. Sato, “How Optical Technologies Can Innovate Intra Data Center Networks,” in 2021 
International Conference on Computer Communications and Networks (ICCCN), Athens, 
Greece: IEEE, Jul. 2021, pp. 1–8. doi: 10.1109/ICCCN52240.2021.9522206. 

[8] X. Zhou, R. Urata, and H. Liu, “Beyond 1 Tb/s Intra-Data Center Interconnect Technology: 
IM-DD OR Coherent?,” J. Light. Technol., vol. 38, no. 2, pp. 475–484, Jan. 2020, doi: 
10.1109/JLT.2019.2956779. 

[9] Z. Zhu et al., “Photonic Switched Optically Connected Memory: An Approach to Address 
Memory Challenges in Deep Learning,” J. Light. Technol., vol. 38, no. 10, pp. 2815–2825, 
May 2020, doi: 10.1109/JLT.2020.2975976. 

[10] J. Gonzalez et al., “Optically connected memory for disaggregated data centers,” J. Parallel 
Distrib. Comput., vol. 163, pp. 300–312, May 2022, doi: 10.1016/j.jpdc.2022.01.013. 

[11] Z. Wu et al., “Peta-Scale Embedded Photonics Architecture for Distributed Deep Learning 
Applications,” J. Light. Technol., vol. 41, no. 12, pp. 3737–3749, Jun. 2023, doi: 
10.1109/JLT.2023.3276588. 

[12] K. Omirzakhov, H. Hao, A. Pirmoradi, and F. Aflatouni, “Energy Efficient Monolithically 
Integrated 256 Gb/s Optical Transmitter With Autonomous Wavelength Stabilization in 45 
nm CMOS SOI,” IEEE J. Solid-State Circuits, pp. 1–10, 2024, doi: 
10.1109/JSSC.2024.3511673. 

[13] A. Rizzo et al., “Massively scalable Kerr comb-driven silicon photonic link,” Nat. Photonics, 
vol. 17, no. 9, pp. 781–790, Sep. 2023, doi: 10.1038/s41566-023-01244-7. 

[14] K. Omirzakhov, A. Pirmoradi, H. Hao, and F. Aflatouni, “Monolithic optical PAM-4 
transmitter with autonomous carrier tracking,” Opt. Express, vol. 32, no. 3, p. 2894, Jan. 
2024, doi: 10.1364/OE.499920. 

[15] A. H. Atabaki et al., “Integrating photonics with silicon nanoelectronics for the next 
generation of systems on a chip,” Nature, vol. 556, no. 7701, pp. 349–354, Apr. 2018, doi: 
10.1038/s41586-018-0028-z. 

[16] M. Wade et al., “An Error-free 1 Tbps WDM Optical I/O Chiplet and Multi-wavelength Multi-
port Laser,” in Optical Fiber Communication Conference (OFC) 2021, Washington, DC: 
Optica Publishing Group, 2021, p. F3C.6. doi: 10.1364/OFC.2021.F3C.6. 

[17] S. Fathololoumi et al., “1.6Tbps Silicon Photonics Integrated Circuit for Co-Packaged 
Optical-IO Switch Applications,” in Optical Fiber Communication Conference (OFC) 2020, 
San Diego, California: Optica Publishing Group, 2020, p. T3H.1. doi: 
10.1364/OFC.2020.T3H.1. 

[18] H. Li et al., “A 112 Gb/s PAM4 Silicon Photonics Transmitter With Microring Modulator and 
CMOS Driver,” J. Light. Technol., vol. 38, no. 1, pp. 131–138, Jan. 2020, doi: 
10.1109/JLT.2019.2938731. 

[19] H. Li et al., “A 3-D-Integrated Silicon Photonic Microring-Based 112-Gb/s PAM-4 
Transmitter With Nonlinear Equalization and Thermal Control,” IEEE J. Solid-State Circuits, 
vol. 56, no. 1, pp. 19–29, Jan. 2021, doi: 10.1109/JSSC.2020.3022851. 

[20] J. Sun, R. Kumar, M. Sakib, J. B. Driscoll, H. Jayatilleka, and H. Rong, “A 128 Gb/s PAM4 
Silicon Microring Modulator With Integrated Thermo-Optic Resonance Tuning,” J. Light. 
Technol., vol. 37, no. 1, pp. 110–115, Jan. 2019, doi: 10.1109/JLT.2018.2878327. 



[21] K. Omirzakhov and F. Aflatouni, “12.1 Monolithically Integrated Sub-63 fJ/b 8-Channel 
256Gb/s Optical Transmitter with Autonomous Wavelength Locking in 45nm CMOS SOI,” 
in 2024 IEEE International Solid-State Circuits Conference (ISSCC), San Francisco, CA, 
USA: IEEE, Feb. 2024, pp. 218–220. doi: 10.1109/ISSCC49657.2024.10454519. 

[22] A. Pirmoradi et al., “Integrated multi-port multi-wavelength coherent optical source for 
beyond Tb/s optical links,” Nat Commun, vol. 16, no. 1, p. 6387, Jul. 2025, doi: 
10.1038/s41467-025-61288-x.  

[23] M. Rakowski et al., “45nm CMOS - Silicon Photonics Monolithic Technology (45CLO) for 
next-generation, low power and high speed optical interconnects,” in Optical Fiber 
Communication Conference (OFC) 2020, Optica Publishing Group, 2020, p. T3H.3. doi: 
10.1364/OFC.2020.T3H.3. 

[24] A. V. Krishnamoorthy et al., “Exploiting CMOS Manufacturing to Reduce Tuning 
Requirements for Resonant Optical Devices,” IEEE Photonics J., vol. 3, no. 3, pp. 567–
579, Jun. 2011, doi: 10.1109/JPHOT.2011.2140367. 

[25] V. Gopal et al., “Simultaneous Error-Free Data Modulation with Silicon Microdisks in the 
Multi-FSR Regime for Scalable DWDM Links,” in Optical Fiber Communication Conference 
(OFC) 2023, San Diego California: Optica Publishing Group, 2023, p. M4E.4. doi: 
10.1364/OFC.2023.M4E.4. 

[26] A. Rizzo et al., “Petabit-Scale Silicon Photonic Interconnects With Integrated Kerr 
Frequency Combs,” IEEE J. Sel. Top. Quantum Electron., vol. 29, no. 1, pp. 1–20, Jan. 
2023, doi: 10.1109/JSTQE.2022.3197375. 

[27] L. Su, R. Trivedi, N. V. Sapra, A. Y. Piggott, D. Vercruysse, and J. Vučković, “Fully-
automated optimization of grating couplers,” Opt. Express, vol. 26, no. 4, p. 4023, Feb. 
2018, doi: 10.1364/OE.26.004023. 

[28] L. Su, D. Vercruysse, J. Skarda, N. V. Sapra, J. A. Petykiewicz, and J. Vučković, 
“Nanophotonic inverse design with SPINS: Software architecture and practical 
considerations,” Appl. Phys. Rev., vol. 7, no. 1, p. 011407, Mar. 2020, doi: 
10.1063/1.5131263. 

[29] A Pirmoradi, H Hao, K Omirzakhov, AJ Geers, and F. Aflatouni, “A single chip 1.024 Tb/s 
silicon photonics PAM4 receiver,” arXiv:2507.12452 (2025). 

[30] P. Dong et al., “Wavelength-tunable silicon microring modulator,” Opt Express, vol. 18, no. 
11, pp. 10941–10946, May 2010, doi: 10.1364/OE.18.010941. 

[31] W. Bogaerts et al., “Silicon microring resonators,” Laser Photonics Rev., vol. 6, no. 1, pp. 
47–73, Jan. 2012, doi: 10.1002/lpor.201100017. 

[32] G. T. Reed et al., “Recent breakthroughs in carrier depletion based silicon optical 
modulators,” Nanophotonics, vol. 3, no. 4–5, pp. 229–245, Aug. 2014, doi: 
10.1515/nanoph-2013-0016.  

[33] M.-S. Chen and C.-K. K. Yang, “A low-power highly multiplexed parallel PRBS generator,” 
in Proceedings of the IEEE 2012 Custom Integrated Circuits Conference, 2012, pp. 1–4. 
doi: 10.1109/CICC.2012.6330664. 

[34] H. Li et al., “A 25 Gb/s, 4.4 V-Swing, AC-Coupled Ring Modulator-Based WDM Transmitter 
with Wavelength Stabilization in 65 nm CMOS,” IEEE J. Solid-State Circuits, vol. 50, no. 
12, pp. 3145–3159, Dec. 2015, doi: 10.1109/JSSC.2015.2470524. 

[35] P. Dong et al., “Low V_pp, ultralow-energy, compact, high-speed silicon electro-optic 
modulator,” Opt. Express, vol. 17, no. 25, p. 22484, Dec. 2009, doi: 10.1364/OE.17.022484. 

[36] C. Sun et al., “A 45 nm CMOS-SOI Monolithic Photonics Platform With Bit-Statistics-Based 
Resonant Microring Thermal Tuning,” IEEE J. Solid-State Circuits, vol. 51, no. 4, pp. 893–
907, Apr. 2016, doi: 10.1109/JSSC.2016.2519390. 

[37] P.-H. Chang et al., “A 3D Integrated Energy-Efficient Transceiver Realized by Direct Bond 
Interconnect of Co-Designed 12 nm FinFET and Silicon Photonic Integrated Circuits,” J. 
Light. Technol., pp. 1–15, 2023, doi: 10.1109/JLT.2023.3291704. 

[38] Daudlin, S., Rizzo, A., Lee, S. et al. Three-dimensional photonic integration for ultra-low-
energy, high-bandwidth interchip data links. Nat. Photon. 19, 502–509 (2025). 
https://doi.org/10.1038/s41566-025-01633-0 

[39] C. S. Levy et al., “8- λ × 50 Gbps/ λ Heterogeneously Integrated Si-Ph DWDM Transmitter,” 
IEEE J. Solid-State Circuits, vol. 59, no. 3, pp. 690–701, Mar. 2024, doi: 
10.1109/JSSC.2023.3344072. 


