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Abstract: By exploiting multiple non-degenerate four-wave mixing in a silicon waveguide and 8 

phase-shift keying (8PSK) signals, we experimentally demonstrate on-chip two-input (A, B) 

simultaneous octal addition (A+B) and bidirectional subtraction (A-B, B-A).  
OCIS codes: (130.3120) Integrated optics devices; (200.4560) Optical data processing; (190.4380) Nonlinear optics, four-

wave mixing.  

1. Introduction 

With the unabated exponential growth of data traffic and global cloud service, the need for high performance 

computers with higher processing speed is significantly increased. Very large scale integration (VLSI) technology 

with very high integration intensity have seen wide applications in electronics industry. However, traditional 

complementary metal oxide semiconductor (CMOS) microprocessors have to face the bottleneck in processing speed, 

design complexity, power consumption and heat dissipation [1]. An alternative technological solution is to implement 

high-speed arithmetic operations in the optical domain. Optical nonlinearities are potentially well suited to perform 

optical signal processing, such as various logic gates (NOT, AND, OR, XOR, NAND, NOR, XNOR) and arithmetic 

calculators (adder, subtracter) for binary numbers, including the use of cross-gain modulation (XGM) or four-wave 

mixing (FWM) in semiconductor optical amplifiers (SOAs), nonlinear polarization rotation, FWM or cross-phase 

modulation (XPM) in highly nonlinear fibers (HNLFs), second-order nonlinearities and their cascading in periodically 

poled lithium niobate (PPLN) waveguides [2-5].  

Compared with the above conventional platforms, silicon photonics has become one of the most promising 

photonic integration platforms for its ultrahigh level of integration and high nonlinear coefficient. In addition, silicon 

waveguides also feature broad bandwidth, high speed, low power consumption, and CMOS compatibility. Previously, 

FWM-based wavelength conversion or multicasting has been demonstrated in silicon waveguides, including 

amplitude-shift keying (ASK) [6], differential phase-shift keying (DPSK) modulated signals [7] and orthogonal 

frequency division multiplexing (OFDM) with advanced multilevel signals [8].  However, there has been little research 

on silicon waveguide based optical arithmetic functions for high-base numbers. The advantages of achieving multiple 

arithmetic functions in silicon waveguide are as follows: (1) high-base systems allow higher information storage 

density, less complexity, fewer system components, and fewer cascaded gates and operations compared to traditional 

binary logic systems; (2) higher transmission capacity and spectral efficiency might be achievable. In this scenario, a 

laudable goal would be to achieve optical high-base computing using optical nonlinearities in silicon waveguides. 

Fig. 1. (a) Concept and (b) principle of octal addition/subtraction using non-degenerate FWM and 8PSK signals. (c) Photomicrograph of the 

fabricated silicon waveguide. 
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In this paper, we propose an innovative scheme to achieve optical octal arithmetic functions based on a silicon 

waveguide. Using non-degenerate FWM process and 8PSK signals, we experimentally demonstrate 5 Gbaud two-

input (A, B) simultaneous octal addition (A+B) and bidirectional subtraction (A-B, B-A). The bit-error rate (BER) 

performance versus received optical signal-to-noise ratio (OSNR) is analyzed for performance evaluation. 

2.  Concept and working principle 

Figures 1 depicts the concept of two-input octal addition/subtraction. From the constellation in the complex plane (Fig. 

1(a)), it is clear that one can use eight-phase levels (0, π/4, 2π/4, 3π/4, 4π/4, 5π/4, 6π/4, 7π/4) of 8PSK to represent 

octal base numbers (0, 1, 2, 3, 4, 5, 6, 7). Two input 8PSK signals (A, B) and one continuous-wave (CW) pump are 

injected into the silicon waveguide, then three converted idlers (idler 1, idler 2, idler 3) are simultaneously generated 

by three non-degenerate FWM processes. We derive the electrical field (Ε) and optical phase (ϕ) relationships of three 

non-degenerate FWM processes under the pump non-depletion approximation expressed as 

                                                        𝐸𝑖1 ∝  𝐸𝐴 ∙ 𝐸𝐵 ∙ 𝐸𝐶𝑊
∗ ,        𝜙𝑖1 = 𝜙𝐴 + 𝜙𝐵 − 𝜙𝐶𝑊                                                                   (1)  

                                                        𝐸𝑖2 ∝  𝐸𝐴 ∙ 𝐸𝐵
∗ ∙ 𝐸𝐶𝑊 ,        𝜙𝑖2 = 𝜙𝐴 − 𝜙𝐵 + 𝜙𝐶𝑊                                                                   (2)  

                                                        𝐸𝑖3 ∝  𝐸𝐴
∗ ∙ 𝐸𝐵 ∙ 𝐸𝐶𝑊 ,        𝜙𝑖3 = 𝜙𝐵 − 𝜙𝐴 + 𝜙𝐶𝑊                                                                   (3)  

The photomicrograph of the fabricated silicon waveguide is shown in Fig. 1(c). The silicon waveguide employed in 

the experiment is a 6-mm-long silicon-on-insulator (SOI) waveguide with dimensions of 500 nm width and 220 nm 

thick. Vertical grating couplers are used to couple light in/out of the silicon waveguide and ensure operation with TE-

polarized light. The grating coupling loss is about 6 dB and the total end-to-end loss is about 12 dB. 

3.  Experimental setup and results 

 
Fig. 2. Experimental setup for silicon waveguide based two-input (A, B) octal addition/subtraction. ECL: external cavity laser; AWG: arbitrary 

waveform generator; FBG: fiber Bragg grating; PC: polarization controller; TF: tunable filter; EDFA: erbium-doped fiber amplifier; OC: optical 

coupler. 

Figure 2 shows the experimental setup. Two 5 Gbaud 215 8PSK signals (A, B), together with a CW pump, are launched 

into the silicon waveguide. The wavelengths of two input 8PSK signals and CW pump are 1547.73 nm, 1550.13 nm 

and 1556.54 nm, respectively. Three converted idlers are simultaneously generated corresponding to addition (A+B) 

and bidirectional subtraction (A-B, B-A).  

The measured spectrum for 5 Gbaud octal addition and subtraction is shown in Fig. 3. The powers of two 8PSK 

signals (A, B) and CW pump coupled into the silicon waveguide are measured to be around 13.8, 13.8 and 14.2 dBm, 

respectively. One can clearly see the three idlers (idler 1: 1541.38 nm, idler 2: 1554.14 nm, and idler 3: 1558.99 nm) 

generated by three non-degenerate FWM processes. 

Figure 4(a) plots BER performance for 5 Gbaud octal addition and subtraction. The observed OSNR penalties at 

a BER of 3.8×10-3 for octal addition (A+B) and bidirectional subtraction (A-B, B-A) are measured to be about 4.3 dB, 

4.2 dB and 4.6 dB, respectively. Shown in Fig. 4(b) are the measured constellations of three converted idlers 

corresponding to two-input optical octal addition/subtraction (A+B, A-B, B-A), from which one can clearly see the 

eight phase levels of converted idlers representing octal numbers. Moreover, we also measure and compare the time-
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varying symbol sequences for two input signals and three converted idlers. It is confirmed from the obtained results 

that simultaneous octal addition (A+B) and bidirectional subtraction (A-B, B-A) are successfully implemented using 

non-degenerate FWM and 8PSK signals. 

 

Fig. 3. Measured spectrum for simultaneous three non-degenerate FWM processes in a silicon waveguide. 

 

Fig. 4. Measured (a) BER curves and (b) constellations for two-input optical octal addition/subtraction (A+B, A-B, B-A). 

4.  Conclusion 

Based on non-degenerate FWM in a silicon waveguide, we demonstrate two-input (A, B) multicasted 5 Gbaud octal 

addition/subtraction (A+B, A-B, B-A) in the experiment with 8PSK signals. The received OSNR penalties of 

converted idlers at a BER of 3.8×10-3 are measured to be less than 5 dB for silicon waveguide based octal addition 

and subtraction. 
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