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Abstract: We present a pulse amplitude level-4 (PAM-4) CMOS VCSEL driver that can be 

used in linear pluggable optics (LPO) applications. Optimization of the driver IC is achieved 

with VCSEL equivalent circuit model. 
OCIS codes: 060.0060, 060.2330.  

 

1. Introduction 

Demands for various cloud-based services including AI/ML are greatly increasing and the amount of data traffic 

inside the data center (DC) are rapidly growing. Since electrical interconnects based on copper channels suffer 

from channel loss especially for the increased data rates, the need for optical interconnect solutions inside DC 

are increasing. In particular, the pluggable optical modules based on the 850-nm vertical-cavity surface emitting 

laser (VCSEL) together with multi-mode (MM) fiber are finding greater acceptance due to their high 

performance and cost effectiveness [1]. Pluggable optical modules have utilized digital signal processors (DSPs) 

to enhance the performance, but due to the power consumption and cost requirements LPO modules without 

DSP are receiving a lot of R&D attention. Without DSP, however, the performance requirements for VCSEL 

driver ICs as well as receiver circuits are much stringent and very careful design of driver and receiver ICs are 

required. In this paper, we report a 50 Gb/s PAM-4 VCSEL driver IC that can compensate the VCSEL 

nonlinearity with a newly proposed pre-distortion scheme.  

 

2.  PAM-4 CMOS Linear Driver  
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Fig. 1. (a) VCSEL modulation responses: simulated results with the VCSEL circuit model and measurement results. (b) VCSEL 

modulation bandwidth (red) and high-frequency peaking (blue) according to bias current. (c) VCSEL driver IC architecture. (d) 50 

Gb/s PAM-4 simulation results with and without pre-distortion. 

 

The performance of the VCSEL driver must be optimized for the target VCSEL device and for this co-

simulation of the driver IC together with VCSEL in the standard IC design environment is necessary. For this, 

an accurate and IC-simulation-friendly VCSEL equivalent circuit model for a target VCSEL device was newly 

developed [2]. The target VCSEL is a commercial device with the modulation bandwidth of 15 GHz at Ibias = 7 

mA.   
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Fig. 1(a) shows the normalized modulation response of the VCSEL for different bias currents. In the figure, 

empty circles represent the measured results, while solid lines represent simulated results of the equivalent 

circuit model. At currents above 6 mA, there is no high-frequency peaking, and the bandwidth saturates as can 

be seen in Fig. 1(b). In order to reduce dynamic non-linearity, the driver IC was designed so that the modulation 

currents change in the range of 6 mA to 10 mA. Fig. 1(c) illustrates the architecture of the VCSEL driver, 

including electro-static discharge (ESD) protection circuit having CESD = 105 fF and T-coils used for 

compensating the bandwidth reduction due to CESD. The differential-to-single buffer employs the gm/gm buffer 

structure, which has low total harmonic distortion (THD) [3]. Due to the VCSEL nonlinearity, the ratio of level 

mismatch (RLM), a key performance parameter for PAM-4 modulation, can be degraded. In the driver IC, the 

core block following the buffer pre-distorts the modulating signals so that this nonlinearity can be compensated. 

Fig. 1(d) shows post-layout simulation results of 50 Gb/s PAM-4 eye diagrams demonstrating the effect of the 

pre-distortion. The blue eye-diagram represents the eyes for VCSEL modulation current, while the red eye-

diagram represents the modulated VCSEL optical output. With pre-distortion, RLM is improved from 0.66 to 

0.96. The limited VCSEL bandwidth is compensated by the inverter-typed inductive load. In addition, a self-

referenced common mode feedback maintains the output DC voltage at VDD/2 and serves to source Ibias when a 

negative bias voltage is applied to the cathode of the VCSEL device.  

 

3. Measurement Results 

The micrograph of the 4-channel driver IC fabricated in CMOS 14 nm FinFET process can be seen in Fig. 2(a). 

Fig. 2(b) shows 25 Gb/s NRZ (left) and 50 Gb/s PAM-4 (right) optical measurement results of the transmitter 

including the driver IC and the VCSEL device. For these measurements, Vin_p-p = 360 mV with PRBS-7 data is 

supplied to the driver IC, and modulation is performed at Ibias = 8 mA. Measured optical modulation amplitudes 

(OMAs) are 3.02 dBm for NRZ, 2.55 dBm for PAM-4 with RLM = 0.96. The driver IC energy efficiency 

excluding the buffer is 0.85 pJ/bit. 
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Fig. 2. (a) Micrograph of 4-channel driver IC. (b) Measurement results of 25 Gb/s NRZ (left), 50 Gb/s PAM-4 (right) optical eye-

diagram for transmitter with PRBS-7 pattern, Vin,p-p = 360 mV, Ibias = 8 mA.  

 

4.  Conclusion 

A 4 x 50 Gb/s 0.85 pJ/bit PAM-4 VCSEL driver IC fabricated in 14-nm CMOS FinFET technology is reported 

that can be used in linear pluggable optics (LPO) applications. For design optimization, the driver IC was co-

simulated with the new VCSEL equivalent circuit model. The driver IC contains the pre-distortion block that 

can compensate the VCSEL nonlinearity. With this, 50 Gb/s PAM-4 modulation with RLM = 0.96 is achieved.  
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