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Abstract— We demonstrate a 222 GBd on-off-keying 

transmitter in a short-reach intra-datacenter scenario with direct 

detection after 120 m of standard single mode fiber. The system 

operates at net-data rates of >200 Gb/s OOK for transmission 

distances of a few meters, and >177 Gb/s over 120 m, limited by 

chromatic dispersion in the standard single mode fiber. The high 

symbol rate transmitter is enabled by a combination of a high-

bandwidth plasmonic-organic hybrid Mach-Zehnder modulator 

on the silicon photonic platform that is ribbon-bonded to an InP 

DHBT 2:1 digital multiplexing selector. Requiring no driving RF 

amplifiers, the selector directly drives the modulator with a 

differential output voltage of 622 mVpp measured across a 50 Ω 

resistor. The transmitter assembly occupies a footprint of less than 

1.5 mm x 2.1 mm.  

 
Index Terms—Data Center, Optical Transmitter, Integrated 

Optics, Plasmonics, Heterogeneous Integration, Silicon Photonics, 

Indium Phosphide, Optoelectronics, Intensity Modulation, Direct 

Detection. 

 

I. INTRODUCTION 

D riven by unprecedented demand for video streaming, 

cloud-based services, and supercomputing as well as by the 

prospect of augmented reality applications, telemedicine and 

the Internet of Things, new optical interconnects are developed 

with great effort [1]. In particular, cost-, power-, and space-
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efficient short-reach links enabling capacities beyond 100 Gb/s 

are most-relevant for future intra-datacenter and rack-to-rack 

optical links, covering distances from a few meters up to a few 

kilometers. 

In order to enable these short-reach links in a simple and cost-

effective way, intensity modulated (IM) and direction detection 

(DD) systems are typically preferred.  

Power-efficient, high-bandwidth, and compact electro-optic 

(EO) modulators are indispensable for the next generation of 

optical transceivers applied in these short-reach links. To ensure 

cost-efficiency, the number of parallel lanes should be kept 

small and their modulation format as simple as possible. 

Therefore, future optical transceivers need to deploy EO 

modulators with bandwidths that are significantly beyond 

100 GHz to avoid any inverse multiplexing at the EO interface 

[1]. Besides, such modulators should be realized with a 

micrometer-scale footprint to still ensure a high degree of 

parallelization to increase the aggregate data rate of the module 

and to match with the dimensions of electronic driving circuitry 

[2]. To realize densely integrated transceivers a low power load 

is required [3, 4], which can be realized by modulators with low 

driving voltages and the avoidance of electrical 50 Ω 

terminated transmission lines [5, 6]. 

A broad variety of EO modulator technologies with ultra-

large EO bandwidths has already been demonstrated. 

Modulators can be partitioned as electro-absorption 

modulators (EAMs), ring resonator modulators (RRMs), and 

Mach-Zehnder modulators (MZMs). The EAM concept has 
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been proved mainly on two platforms, indium phosphide [3, 4] 

and germanium silicon [7, 8]. The RRM implementation has 

been realized on the silicon photonics platform [9] with a bit-

rate beyond 100 Gbit/s and on the plasmonic-organic hybrid 

platform [10] with an EO bandwidth beyond 100 GHz. The 

MZM concept has been demonstrated on different technology 

platforms including lithium niobate [11, 12], silicon photonics 

[13, 14], silicon-organic hybrid [15], indium phosphide [16, 

17], polymer photonics [18, 19], and plasmonics [20, 21]. 

While there are many promising modulator technologies 

available, only few support highest symbol rates, and up to 

now, only complex IM/DD transmitters beyond 200 Gb/s have 

been demonstrated. Constrained by bandwidth-limited 

components, the modulation of multiple bits per symbol [4, 12, 

14, 21, 22], the discrete multi-tone (DMT) modulation [16, 23] 

or the Kramers-Kronig (KK) technique [24, 25] can help to 

achieve bit-rates beyond 200 Gb/s per wavelength. However, 

this comes at the price of advanced DSP or additional 

electrical and optical components. 

In this work, we demonstrate a low-complexity 222 Gb/s 

OOK per wavelength transmitter and test its performance in a 

short-reach (up to 120 m) direct-detection link. This work is 

an extension of the post-deadline paper presented at ECOC 

2019 in Dublin [26]. Enabled by the combination of a 

>100 GHz-bandwidth plasmonic-organic hybrid (POH) 

Mach-Zehnder modulator on silicon photonics and an InP 

DHBT 2:1 selector, the transmitter generates an OOK signal 

at a record symbol rate of 222 GBd over 120 m standard single 

mode fiber in an intra-data center infrastructure scenario.  

II. 222 GBD TRANSMITTER 

The 222 GBd transmitter is depicted in Fig. 1. It consists of 

a high-speed 2:1 multiplexing selector (SEL) and a POH MZM, 

fabricated on silicon photonics. To overcome packaging-related 

bandwidth limitations, the POH MZM was bonded to the SEL 

using 25-µm-wide gold ribbon bonds in a GSGSG 

configuration that had lengths below 200 µm. This way, the 

transmitter enables to benefit from the high performance of the 

individual components with minor performance penalties 

imposed by the electrical interfacing.  

In addition to the high symbol rate performance, the 

transmitter offers a compact footprint of below 3.15 mm², 

dominated by the electrical chip and bonding electrodes. The 

POH MZM occupies a footprint of less than 0.05 mm², the 

active plasmonic area itself less than 0.006 mm2.  

A. High-speed 2:1 multiplexing selector 

The high-speed 2:1 multiplexing selector [27, 28] was 

fabricated in III-V Lab’s 0.7 µm indium phosphide (InP) 

double-heterojunction bipolar transistor (DHBT) technology, 

optimized for a broad data-bandwidth up to symbol rates 

beyond 200 GBd. The transistors used to design and fabricate 

the selector have characteristic gain-bandwidth-product-related 

frequencies fT and fmax around 400 GHz, with a DC current gain 

around 30 [27, 28].  

In a first characterization at 212 Gb/s, with state-of-the-art 

122 GHz remote sampling heads from Keysight (N1046A-

12F), the SEL chip already demonstrates its performance with 

a signal-to-noise ratio of ~7 and a jitter of Tjitter,rms = 300 fs at an 

output voltage of 240 mVpp [27]. The differential output 

amplitude at 212 GBd can be adjusted between 240 mVppdiff and 

730 mVppdiff, resulting in a circuit power consumption of 0.5 W 

and 0.8 W, respectively. Fig. 2 shows the measured electrical 

output signal of the 2:1 multiplexing selector at a symbol rate 

of 222 GBd, here measured with regular 70-GHz-bandwidth 

Keysight 86118A remote sampling heads, with a measured 

peak-to-peak voltage of 622 mVppdiff, used in this work. The 

voltage was measured using electrical probes at both the input 

and the output of the module.  

B. High-speed plasmonic modulator 

The high-speed plasmonic modulator consists of a 

plasmonic-organic hybrid (POH) Mach-Zehnder modulator 

that is fabricated on the silicon photonic (SiP) platform. The 

POH MZM combines the low-loss SiP technology, the extreme 

light-confinement of plasmonics, and highly efficient organic 

electro-optic materials. This way, it offers EO modulation with 

EO bandwidths beyond 500 GHz [29], an optical operating 

range between 1200 nm and >1600 nm [30] and micrometer 

footprints [31]. The active section of the MZM consists of two 

plasmonic phase modulators (PPMs) [32] that are connected in 

a dual-drive configuration [20]. A colorized scanning electron 

 
Fig. 1 222 GBd transmitter assembly consisting of an InP DHBT 2:1- digital 

selector (SEL) and plasmonic organic-hybrid (POH) Mach-Zehnder 
modulator (MZM) on silicon photonics. The RF electrodes of the modulator 

are ribbon-bonded to the output stage of the SEL. The assembly requires less 

than 2.1 x 1.5-mm². 

 
Fig. 2 - 2:1 multiplexing selector electrical output at 222 GBd OOK with a 

peak-to-peak voltage of 622 mVpp, measured with probe tips at in- and output. 
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microscope (SEM) picture of a PPM is depicted in Fig. 3(a) 

[33]. It consists of two gold electrodes separated by a narrow 

gap of ~130 nm, forming the plasmonic slot waveguide. The 

gap is filled with an organic electro-optic (OEO) material. 

When an electric signal is applied to the gold electrodes, the 

electric field drops across the nanoscale slot (Fig. 3 (b)), 

modulating the refractive index of the OEO material. Light is 

fed in via silicon photonic waveguides to the plasmonic section, 

where the light is guided as surface plasmon polaritons (SPPs) 

along the metallic waveguide. The light is tightly confined 

within the OEO material (Fig. 2 (c)), efficiently translating the 

refractive index modulation into a phase modulation [34]. In 

this work, the PPMs are filled with the organic electro-optic 

material composite 2:1 HLD1:HLD2. In thin-film experiments, 

the material shows stable performance over >500h at 85°C [35]. 

By integrating the PPMs in a SiP Mach-Zehnder 

interferometer configuration, the phase modulation is translated 

into an amplitude or intensity modulation. These MZMs [36] 

can be used for radio-over-fiber applications and THz 

communication [29, 37], 200 Gbit/s intensity modulation [21] , 

120 GBd IM with sub-1Vpp driving electronics [20] as well as 

highly spatially parallelized modulator arrays for space-

division multiplexing (SDM) and wavelength division 

multiplexing (WDM) applications [38, 39].  

Furthermore, when implemented in a nested Mach-Zehnder 

configuration, they offer most-compact 100 GBd complex 

modulation [33, 40] with sub-1Vpp driving electronics and 

efficient 400 Gb/s modulation on SiP [33].  

The large EO bandwidth of the POH modulator is enabled by 

the compact size of the modulator. The merely 15 µm long 

active section leads to a modulator capacitance of ~7 fF [33]. In 

combination with the fact, that the gold slot-waveguide also 

forms the contacting electrodes, this results in extremely small 

RC time constants, thus, enabling the EO bandwidth >500 GHz 

[29]. 

In this work, the plasmonic MZM was implemented in a 

dual-drive configuration [20]. In this configuration, the 

plasmonic modulator makes efficient use of the provided 

driving signal, removing the need for power-hungry electrical 

driving amplifiers. The plasmonic dual-drive implementation 

allows increasing the effective voltage dropping across the 

active section by a factor of 4, compared to a traditional 50 Ω 

terminated modulator for two reasons. First, our plasmonic 

MZMs are implemented as purely capacitive, open circuit 

devices. When driven by a 50 Ω-matched signal source, twice 

the 50 Ω-measured voltage applies at the device. Second, an 

additional doubling of the voltage is achieved by applying the 

differential signal across the plasmonic slot. This way, a single-

ended driving voltage of only 𝑉𝜋/4 is required to fully drive the 

modulator [20]. 

The plasmonic MZM has an on-chip loss of 9.7 dB, and a 

total fiber-to-fiber loss of 17.7 dB (4 dB per grating coupler). 

Note than both the on-chip losses and the fiber-to-fiber losses 

can be further improved to below 10 dB, when applying 

industrial coupling and fabrication techniques  [33]. When 

considering standard edge-couplers with 1.5 dB/coupler [41], 

fiber-to-fiber losses can be reduced by ~5 dB.  Dedicated 

fabrication processes and optimized organic electro-optic 

materials can further reduce the fiber-to-fiber losses [33, 42]. 

The MZM is implemented in an imbalanced configuration 

implemented in SiP, see Fig. 1, in order to adjust the operating 

point by choosing the operating wavelength. 
 It furthermore features a SiP thermo-optic phase shifter to 

adjust the operating point. Fig. 4(a) shows the optical 

transmission spectrum of the modulator. The MZM has an 

extinction ratio exceeding 20 dB, the fiber-to-chip grating 

couplers impose a 3 dB optical bandwidth of 1520 nm to 

~1565 nm. Fig. 4(b) depicts the DC dependent modulator 

operating point, measured using a tunable laser source. A 

voltage 𝑉1 = ±1 V = −𝑉2 is applied to the modulator’s signal 

(S) electrode, shifting the operating point by approximately 

0.4𝜋. This corresponds to on-off-voltages of 𝑉1 = ±2.7 V =
 −𝑉2 and 𝑉𝜋 = 10.8 V. Note that when using 50 Ω-matched 

signal source a single-ended driving voltage of 2.7 V is needed 

to fully switch the modulator from off to on [20].  With the 

622 mVppdiff  50 Ω-matched driving voltage provided by the 2:1 

multiplexing selector, the modulator provides a ER of ~7.5 dB 

 
Fig. 3 (a) Colorized scanning electron microscope picture of a plasmonic 

phase modulator. (b-c) Simulated electric field distribution of the (b) driving 
single and the (c) plasmonic mode in the slot waveguide. Figures are adapted 

from [33]. 

 
Fig. 4 (a) Modulator transmission spectrum. (b) Voltage-dependent tuning 

of the operating point.   

 
Fig. 5 222 GBd OOK eye diagrams at recorded in the DSO. (a) Electrical 

back-to-back before post-processing. (b) Optical back-to-back with a 35-tap 

FFE.  
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when operated in the 3 dB point, see Fig. 4(b). The purely 

capacitive MZM consumes only the energy required to charge 

/ discharge the device capacitance. With a capacitance of ~7 fF  

[20] (~40 fF including bonding electrodes [33]) and a  driving 

voltage of 622 mVppdiff, the electrical energy consumption per 

bit calculates to 11 fJ/bit (62 fJ/bit) [20]. 

 

III. DEMONSTRATION OF 222 GBD TRANSMISSION 

The 222 GBd transmitter was tested in short-reach IM/DD 

scenario with transmission lengths of up to 120 m of standard 

single mode fiber (SSMF). 

A. Experimental Setup 

Fig. 6 depicts the experimental setup of the modulation 

experiment. The 222 GBd signal is generated by three stages. 

First, two 55.5 Gb/s pseudo-random bit sequences (PRBS, word 

length 211) are generated by a pattern generator. Second, a first 

2:1 selector (SEL1) generates a 111-Gb/s output signal that is, 

third, fed into the probed 2:1 selector (SEL2), generating the 

222 GBd driving signal with a maximum output amplitude of 

622 mVppdiff. The selectors and the bit pattern generator are 

clocked by a clock distribution platform with (Bit Rate: BR): 

BR/8 for BPG, BR/4 for SEL1 and BR/2 for SEL2. The 

electrical clocks were synchronized by a 10 MHz reference 

time base. 

A laser with 𝜆 = 1541.9 nm was coupled to and from the 

transmitter using silicon grating couplers interfaced by cleaved 

SSMFs. The laser wavelength was chosen in order to operate 

the MZM close to the 3 dB operating point. An erbium doped 

fiber amplifier (EDFA) amplified the optical signal before it 

was sent into the SSMF transmission line.  

In the receiver, the optical signal was band-pass filtered 

(400 GHz) before it was amplified, adjusted in power using a 

variable optical attenuator (VOA), and detected by a 100 GHz 

photo diode. The optical 222 GBd spectrum before reception is 

displayed as an inset in Fig. 6. The received signal was then 

recorded by a 256 GS/s Keysight Infiniium digital storage 

oscilloscope (DSO) with an electrical bandwidth of 113 GHz. 

The recorded spectrum in the DSO is displayed as an inset in 

Fig. 6. The signal was then evaluated after digital signal 

processing (DSP), followed by bit error rate (BER) calculation. 

The DSP included resampling, timing recovery, and 

demodulation.   

Fig. 5 displays the 222 GBd back-to-back eye diagram 

measured in the receiver for the electrical (a) and the optical (b) 

back-to-back. Note that the electrical back-to-back was 

recorded with a 1 m long RF cable connectorized with 1.85 mm 

coaxial connectors.  

B. 222 GBd Transmission 

The 222 GBd transmission performance was studied using 

different equalizer modes and sweeping the receiver optical 

power (ROP) from -1 dBm to 12 dBm. In order to understand 

the origin of signal distortions at 222 GBd the influence of the 

equalizer complexity was investigated. To find a satisfactory 

compromise between performance and processing complexity, 

feed-forward equalizer (FFE) taps were swept up to 55 taps , 

the lookup table (LUT) memory up to 7 symbols. 

Fig. 7 plots the measured BER versus received optical power 

(ROP) into the photodetector. For comparison, the BER 

thresholds of the 10 %-, 25 %- and 33 %-overhead hard-

decision staircase forward error correction (FEC) codes in [43], 

with pre-FEC BER limits at 7.5×10-3, 1.82×10-2 and 2.24×10-2 

respectively, are added. 

The transmitter enables the successful transmission of 

222 GBaud serial OOK signals over more than 120 m of SSMF.  

The system operates at net-data rates of >200 Gb/s OOK in 

the back-to-back scenario, and >177 Gb/s over 120 m, limited 

by chromatic dispersion (CD) in the standard single mode fiber.  

 
Fig. 6 Experimental setup for 222 GBd back-to-back and 120 m transmission experiment. Light is coupled to and from the plasmonic MZM using silicon 
photonic grating couplers (GCs). The 222 GBd electrical signal is applied to the MZM using ribbon bonds between 2:1 selector chip (SEL2) and the MZM.  

Insets:  Optical and electrical modulation spectra. The optical modulation spectrum at 222 GBd OOK NRZ in the back-to-back scenario. The electrical 

modulation spectrum in the back-to-back scenario as recorded by the DSO. 
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CD in the SSMF is major challenge for data transmission at 

highest symbol rates, in case of the 222 GBd signal requiring 

an optical bandwidth >150 GHz. However, even with a 

measured CD transmission penalty of >5 dB, enabled by the 

high signal quality of the 222 GBd transmitter, the proposed 

scheme performs below the 25 %-overhead FEC limit. 

Limited by chromatic dispersion, the performance after 

120 m transmission over SSMF saturates around the 25 %-

overhead HD-FEC limit. For low-complexity DSP (35-tap FFE, 

3-symbol LUT) a BER below the 33 %-overhead HD-FEC 

limit is only achieved for a high receiver optical power of 

12 dBm. When increasing the LUT length to 5 symbols, the 

performance reaches the 25 %-overhead HD-FEC limit. This 

may cause challenges in practical applications, e.g. when 

system variations may slightly increase the BER above the 

25 %-overhead HD-FEC limit. The performance can be 

improved further by 3 dB compared to the 5-symbol LUT, 

when considering a 7-symbol LUT. This way, the BER stays 

clearly below 1.82×10-2 and enables, with a 4 dB operation 

margin, an input-power tolerant operation with 25 % overhead 

and a net-rate of 170 Gb/s. Furthermore, increasing the LUT-

length reduces the CD penalty to only 3.5 dB. The overlapping 

BER curves of the 35-tap FFE and the 55-tap FFE show that no 

significant gain in performance can be achieved by increasing 

the complexity of the linear compensation filter. Consequently, 

the performance degradation in the system is dominated by non-

linear distortion confirmed by the improved BER performance 

with increasing LUT sizes. 

When analyzing the influence of the receiver optical power 

on the BER, an error floor starting at ~8 dBm ROP is 

observable (see Fig. 7). For a reasonable DSP configuration of 

a 35-tap FFE and a 5-symbol LUT, the back-to-back scenario 

stays below the 10 %-overhead HD-FEC limit [43]. When the 

least-complex DSP is used (35-tap FFE, 3-symbol LUT), the 

BER saturates below <1×10-2, still allowing for 25 %-overhead 

HD-FEC.  

Using Fig. 7, performance of shorter transmission distances 

of e.g. a few meters can be estimated. With simple DSP of 35 

FFE taps and a 3-symbol LUT, which can be processed already 

by today’s 25 to 50 GBd multilevel modules, net-rates of more 

than 177 Gb/s can be achieved with simple OOK and an ROP 

of >5 dB. Allowing for more-complex DSP of 35 FFE taps and 

a 5-symobl LUT, the system performs at a net-rate of more than 

200 Gb/s using OOK and a direct detection receiver can be 

achieved. 

IV. CONCLUSION.  

We demonstrate an on-off keying optical transmitter 

operating at a symbol rate of 222 GBd. The transmitter is tested 

in a short-reach scenario with a transmission distance of up to 

120 m over standard single mode fiber. By relying on a standard 

direct-detection optical receiver, no DSP on transmitter side and 

standard DSP on receiver side, we demonstrate a power- and 

cost efficient high-speed solution for intra-datacenter 

applications.  

For transmission distances of 120 m, we report net-data rates 

between 160 Gb/s and 180 Gb/s using a 5- or 7-symbol LUT, 

respectively. The net data rate is limited by chromatic 

dispersion in the standard single mode fiber. When considering 

transmission distances of only a few meters, net-rates of 

177 Gb/s using simple DSP with a 3-symbol LUT are shown. 

When increasing the symbol length to 7, a net-rate of more than 

200 Gb/s using on-off keying and direct detection is 

demonstrated. 

The record-high symbol rate transmission was enabled by the 

side-by-side assembly of a plasmonic-organic hybrid Mach-

Zehnder modulator fabricated on the silicon photonics 

platform, directly driven by the differential 622 mVpp data 

stream provided by an ultra-high-speed 2:1 InP DHBT selector, 

without any need for a driving RF amplifier. Occupying a 

footprint of less than 2.1 x 1.5-mm², this transmitter not only 

provides the highest symbol rate to date, but may be a compact, 

space- and cost-efficient solution for short-reach interconnect 

applications such as supercomputing, for intra-data center 

applications, rack-to-rack communications and potentially even 

board-to-board communications.  
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