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The canonical example of coherent interaction between oscillators is a system of coupled pendulums - where due to 

the coupling, energy is transferred slowly from one oscillator to the other and back at a beat frequency that reflects the 
coupling strength. A system of coupled pendulums is an idealization of coherent transfer of energy, that cannot be directly 

observed in steady-state - a real system will eventually lose coherence due to dissipation and unwanted couplings to the 

environment. Parametric amplifiers offer a method to coherently amplify the oscillation in a way that conserves the 

coherent dynamics between the coupled oscillators. An optical parametric oscillator (OPO) relies on coherent 

amplification of light to generate coherent radiation, but the dynamics and coherence properties of an OPO are 

fundamentally different from those of a standard laser, the amplification mechanism in an OPO relies on a coherent 

parametric coupling of energy from the strong pump field (𝜔𝑝) to a pair of frequencies, signal (𝜔𝑠) and idler (𝜔𝑖) such 

that the energy and momentum of light are conserved (𝜔𝑝 = 𝜔𝑠 + 𝜔𝑖 , 𝑘𝑝 = 𝑘𝑠 + 𝑘𝑖). An OPO therefore always 

generates pairs of correlated coherent fields, conserving the beat coherence. 

 

 

 
 

Fig 1. 

(a) 

schematic of the RF 

experiment (b) beating between two coupled 

parametric oscillators with constant coupling. (c) 

frequency spectrum of the broadband oscillation of the actively coupled parametric oscillators. 

In frequency domain, this beating phenomenon corresponds to splitting of the coupled cavity modes with a frequency 

separation that is equal to the beat frequency. Furthermore, it is interesting to consider the dynamics of a large set of 

coupled oscillations, which can be easily implemented with just one pair of coupled parametric oscillators. Modulation 
of the coupling in-time at the repetition rate of the cavities actively couples adjacent frequencies – transferring energy 

coherently from one frequency pair to another, and stimulating a bright, broadband oscillation around the carrier 

frequency, very similar to active mode-locking in lasers.  

However, an important difference exists – this oscillation is not at all pulsed. Since the gain medium only acts as a 

mediator of energy between the different fields without storing energy in the medium, the OPO has no 'memory' and 

energy that was not immediately extracted from the pump is lost. Pulse formation in time is therefore not only inefficient 

in a CW-pumped OPO, it is deleterious. In frequency-domain, the dynamics of the system admits to a very interesting 

picture - the frequency pairs interact as inherently frustrated coherent spins, mapping in steady-state to a non-

ferromagnetic ground state of a spin-model, resulting in an oscillation, that while very broadband, is not at all pulsed. 

As a proof of concept, we demonstrate the semi-classical behaviour of such OPOs in an experiment in the radio-

frequency (RF) domain using standard RF components, such as frequency mixers, amplifiers and couplers, as shown 

schematically in Fig 1a. We coupled the oscillators with a variable coupling mechanism and observed the dynamics of 
the coupled OPOs for different couplings, as well as modulation of the coupling. In DC coupling domain, we show the 

tuned transition from steady-state to regular beats as the coupling strength is increased with variable beat frequency. 

Examining the signal in the two oscillators, we observe a complete beat in quadrature while the carriers are always in 

phase or anti-phase from each other, as shown in Fig. 1b. The beat frequency depends almost linearly on the coupling 

strength, allowing us to tune the mode separation, limited only by the maximum coupling possible with our 

implementation. With modulation of the coupling, we induce a broadband oscillation, achieving pair-wise mode-locking 

of ~40 resonant modes filling the entire bandwidth between DC and the pump frequency, as shown in Fig. 1c. Observing 

the broadband oscillation in time shows a chaotic signal, that while very broadband, is not pulsed and oscillates on just 

one quadrature with respect to the generating pump. 

To conclude, while coupling of laser oscillators was extensively researched in the past, coupled OPOs were far less 

explored, despite their fascinating, coherent dynamics. We proposed, and demonstrated in a proof-of-concept RF 

experiment, a system of two, fixed length, coupled parametric oscillators that can generate tuned two-mode squeezed 
oscillation as well as broadband multi-mode coherent oscillation of a single quadrature. 
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