


1(d). The signal and idler noise is limited by the thermal noise at low frequencies and pump noise at high frequencies. 
The relative phase noise between the signal and idler removes the pump noise and is significantly lower than the TRN. 
We also plot the STL as a dashed line which is not included in the classical simulation. This suggests that such an 
OPO is a promising on-chip system to reach the STL. 

Experimentally, we use the modified delayed-heterodyne setup shown in Fig. 1(a) to measure the relative phase 
noise. We use a pump power of 9.7 mW at 1546.1 nm which generates OPO at 1528.5 nm and 1563.7 nm, respectively 
[Fig. 1(e)]. Figure 1(f) shows the measured phase noise of the pump, signal, and relative phase. In addition, we 
characterize the TRN of the pump mode using a homodyne method [5], which is also shown in Fig. 1(f). As predicted 
by theory, the relative phase noise is lower than the pump noise and TRN. Using Fig. 1(f), we infer a STL < 9.4 Hz 
for the signal and idler, and an equivalent STL of < 37 Hz as a dual-point reference. TRN can be reduced in cavities 
with a larger volume. Fig. 2(a) and 2(b) show the OPO generation in a 16-GHz-FSR cavity, which corresponds to a 
dual-point STL < 5.6 Hz. If we apply OFD on this 3-THz OPO to generate a 10-GHz microwave signal, it yields a 
phase noise of -116 dBc/Hz at the 10-kHz offset frequency. This is comparable to OFD with Brillouin lasers [6], 
which have larger footprints and operate with more restrictive materials and geometries. Further improvements can 
be achieved by tailoring the thermorefractive coefficient to achieve Δ,# = Δ,' at the two wavelengths and engineering 
the dispersion to allow larger separation of the signal and idler. Finally, we point out that pump-noise suppression can 
also be achieved for the OPO-signal wavelength rather than the relative phase. Similar to Brillouin laser operation, we 
can increase the loss of the idler mode to allow lower phase noise in the signal. Figure 2(c) shows a simulation where 
the idler is 16´ more lossy than the signal, which allows for a signal phase noise 6-dB lower than that of the pump. 

 
Fig. 2. Spectrum (a) and phase noise (b) noise OPO generated in a 16-GHz ring. (c) OPO with asymmetric loss rates 
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Fig. 1. (a) Delayed-heterodyne setup. Illustrations of pump (b) and TRN (c) rejections in OPO. (b) When the pump frequency shifts from the 
dashed-line to the solid-line locations, the signal and idler shift the same amount. (c) When the resonances shift from the dashed-line to the solid-
line locations, energy conservation prevents the signal and idler from shifting. (d) Simulated OPO noise. (e) Measured OPO spectrum. (f) 
Measured OPO phase noise. 
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