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Abstract: We demonstrate a silicon QPSK modulator consisting of two nested Mach-Zehnder 

interferometers with 3.5 mm long traveling-wave electrodes. 50 Gb/s QPSK modulation is 

achieved with power consumption of 9.3 pJ/bit.  

OCIS codes: (250.5300) Photonic integrated circuits; (060.1660) Coherent communications; (250.7360) Waveguide 

modulators; (130.0250) Optoelectronics 

 

1. Introduction 

Motived by the rapid expansion in communication capacity, the next generation optical networks require a high 

channel rate of 100 Gb/s in a WDM system. One solution is to employ polarization-division-multiplexed quadrature 

phase-shift-keying (PDM-QPSK) modulation together with coherent detection and digital signal processing [1]. The 

coherent transmission has the advantage of high receiving sensitivity in long-haul communications. The 

commercially available 100 Gb/s PDM-QPSK modulator is based on lithium niobate material, with the device 

length as long as several centimeters [2]. Moreover, the device fabrication is not compatible with the CMOS 

circuitry, making it impossible to integrate with electronic drive circuits. On the other hand, photonic devices based 

on silicon-on-insulator material have been developing very fast with its vast applications in optical communications 

and interconnects. Silicon photonics offer the key merits of small footprint, agile functionalities, and compatibility 

with integrated microelectronic circuits and so on. Recently, silicon QPSK modulators using two nested Mach-

Zehnder modulators (MZMs) have been successfully realized with the modulation speed over 50 Gb/s [3, 4], 

demonstrating its suitability for next generation optical coherent networks. However, the RF drive voltage and DC 

bias voltage of these devices are high, resulting in relatively low modulation efficiency. Moreover, six phase shifters 

are used to set the DC biases, increasing the modulator length.  

In this paper, we report a 50 Gb/s high-speed low-power silicon QPSK modulator. First, we optimize the p-n 

junction profile and concentrations to improve the modulation efficiency, so that the RF and DC voltages are 

reduced. Second, we consider using four thermo-optic phase shifters to set the biases. Third, the traveling wave 

electrodes (TWEs) are designed to support high-speed single-drive push-pull modulation [5]. With the single-drive 

electrode design, the number of RF ports is reduced, facilitating testing and package. 

 
Fig. 1(a) Device structure of the QPSK modulator. PS: phase shifter. (b) Optical image of the device.  

2.  Device design and fabrication  

Fig. 1(a) shows the structure of the QPSK modulator consisting of two nested MZMs. Each MZM contains a 3.5 

mm long single-drive push-pull TWE and a 100 m long thermo-optic phase shifter. The optical power 

splitters/combiners in the MZMs are implemented by 1×2 and 2×2 multimode interference couplers (MMIs). The 
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waveguide dimension is 500 nm × 220 nm with a slab height of 60 nm. Lateral p-n junctions are embedded in the 

MZM arms and has a 100 nm offset towards the n doping region. The doping concentrations are 4×1017 cm-3 and 

1×1018 cm-3 for the p and n doping regions, respectively. The heavily p+ doping regions (~1020 cm-3) are placed at 

the outer sides of the MZI, and connected to the signal (S) and ground (G) electrodes of the TWE. The heavily n+ 

doping regions (~1020 cm-3) are placed in between the MZI arms, and connected to the DC bias electrode. The phase 

shifters are formed by the doped silicon slab separated from the waveguide by 1 m to avoid free carrier absorption 

loss. Deep air trenches surround phase shifters to improve thermal tuning efficiency and meanwhile reduce thermal 

crosstalk. The fabrication was done using the IME standard CMOS process [6]. Fig. 1(b) shows the optical image of 

the fabricated device.  

3.  Experimental results and discussion 

We first measured the transmission spectra of test MZMs to get the modulation efficiency of our single-drive TWE. 

The input light from a tunable laser was transverse-electrically (TE) polarized by using a polarization controller. 

Light was coupled into and out of the modulator using two lensed fibers. Figs. 2(a) and (b) show the measured 

transmission spectra of two test MZMs with 3 mm and 4 mm long TWEs, respectively. The π-phase shift voltage of 

the 3 mm long MZM is measured to be around -4.5 V and that of the 4 mm long MZM is around -3 V. Hence we 

deduce the π-phase shift voltage of the 3.5 mm long QPSK modulator is around -3.5 V to -4 V. Fig. 2(c) shows the 

electro-electro (EE) S21 and S11 responses of the two nested MZMs measured by the vector network analyzer (VNA) 

at the bias of -3 V. The S21 6-dB bandwidths of both TWEs are ~12.5 GHz. The S11 responses of both TWEs are 

below -12 dB, indicating low reflection from the TWE. 

 
Fig. 2 (a) and (b) Transmission spectra of (a) 3 mm and (b) 4 mm long test MZMs. (c) EE S21 and S11 responses of the two nested MZMs in the 

QPSK modulator.  

 
Fig. 3 Measurement results of the QPSK modulator working at (a)-(d) 40 Gb/s and (e)-(h) 50 Gb/s modulation speeds. (a) and (e): eye diagrams; 

(b) and (f): optical power spectra; (c) and (g): decoded in-phase and quadrature eye diagrams; (d) and (h):constellation diagrams.  

We then characterized the high speed performance of the modulator. A pseudo-random binary sequence (PRBS) 

signal with a length of 223-1 generated by a pulse pattern generator (PPG) was used as the in-phase (I) drive signal. 

The same PRBS signal delayed by 33 ps was used as the quadrature (Q) drive signal. These two RF signals were 

amplified before fed into the TWEs via a 40 GHz GSGSG microwave probe. The other ends of the TWEs were 



AF1A.2.pdf ACP 2014 © OSA 2014

terminated with two external 50-ohm resistors via another GSGSG microwave probe. The modulated optical signal 

from the QPSK modulator was amplified by an erbium-doped optical fiber amplifier (EDFA) to compensate for the 

modulator insertion loss and followed by a 1-nm bandwidth optical filter to suppress the ASE noise. The amplified 

optical signal was either connected to a 50 GHz optical oscilloscope for eye diagram measurement or to an optical 

modulation analyzer (OMA) for decoding and constellation diagram measurement. The input light wavelength is 

fixed at 1550 nm. The peak-to-peak RF drive voltage is Vpp = 6.5 V and the DC bias voltage is -3 V. The measured 

fiber-to-fiber insertion loss is ~20 dB, including ~6 dB coupling loss per facet, ~1 dB loss per MMI coupler, and ~4 

dB waveguide loss. It should be noted that MMI couplers can be optimized to have <0.1 dB loss [7]. Figs. 3(a) and 

(e) show the eye diagrams of the QPSK signal at the data rates of 40 Gb/s and 50 Gb/s, respectively. The three 

transition levels can be observed. Figs. 3(b) and (f) show the optical spectra in a 50 GHz frequency span limited by 

the OMA. Figs. 3(c) and (g) show the decoded in-phase (I) and quadrature (Q) eye diagrams. The Q-factors are 5.8 

(I) and 6 (Q) for the 20 Gb/s data rate, and slightly decreased to 4.9 (I) and 4.7 (Q) for the 25 Gb/s data rate. Figs. 

3(d) and (h) show the constellation diagrams. The 40 Gb/s QPSK signal has a signal-to-noise ratio (SNR) of 13 dB, 

an error vector magnitude (EVM) of 25.8%, and a phase error of 10.7°. The bit error rate (BER) is 5.6×10-5 at a 

received optical power of 9 dBm. The 50 Gb/s QPSK signal has a SNR of 9 dB, an EVM of 35.3%, and a phase 

error of 14.8°. The BER is 1×10-3 at a received optical power of 9 dBm. 

Finally, we calculated the power consumption of the QPSK modulator. The characteristic impedance of the TWE 

is ~68 ohm, extracted from the smith chart. Then the power consumption on the TWEs can be estimated as 

P1=2×1/4×Vpp
2/R= ~311 mW (Vpp=6.5 V, R=68 Ω) [8]. The power consumption on the four phase shifters is P2 

=153.3 mW. Therefore, the total power consumption is P=P1+P2=464.3 mW, corresponding to only 9.3 pJ/bit for 

the 50 Gb/s QPSK modulation. 

4.  Conclusion  

We have demonstrated a high-speed single-drive push-pull QPSK modulator on the silicon platform. Benefiting 

from the high doping concentration, our QPSK modulator has an improved modulation efficiency. Preliminary 

measurements show that our modulator can realize 50 Gb/s QPSK modulation with a RF drive voltage of 6.5 V and 

a bias voltage of -3 V. The modulated signal quality could be further improved by optimizing the TWE to reduce its 

microwave loss and the MMI structure to reduce the insertion loss. 
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