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ABSTRACT 

Integrated technologies like silicon photonics offer the ability to fabricate complex systems, with large numbers 
of elements. This raises two questions: can we exploit that complexity for new functions, and could we 
manufacture, control and stabilize the systems, especially since they may be complex interferometric networks 
whose paths must be set to small fractions of a wavelength? Recently, we have understood new mathematical 
and architectural ways of thinking about optics, including for novel functions, such as arbitrary linear processing; 
for example, any linear optical process at a given wavelength can be implemented with a mesh of two-beam 
interferometers. This understanding itself has fundamental implications, such as proving new laws for thermal 
radiation. Just as important, however, is that we now also understand ways in which such complex 
interferometric systems could be configured and stabilized. Indeed, simple, progressive algorithms can set up 
these meshes automatically, including designing themselves to solve problems. There are even approaches that 
allow the system to compensate automatically for imperfections in fabrication of network elements. These 
advances are promising for a growing set of potential applications in sensing, optical communications, 
microwave photonics, and general linear processing for classical and quantum applications.  

Keywords: integrated photonics; silicon photonics; Mach-Zehnder interferometers; linear processing 

The optics of lenses, mirrors, and masks enabled a class of analog linear optical processing such as Fourier 
transforms and correlations. With devices such as spatial light modulators (SLMs), diffractive optical elements, 
and their modern successors in metamaterials, specific kinds of linear optical transforms have remained interesting, 
especially for imaging applications. But, even with the programmability of SLMs, simple optical architectures do 
not allow arbitrary linear operations to be performed [1], and designing and programming such systems can be 
complicated and time-consuming.  

Recently, however, another class of optical systems has been emerging, enabled by silicon photonics 
technology and some fundamental realizations about optical systems. These systems are based on meshes of two-
beam (usually Mach-Zehnder) interferometers [2-13], which can be fabricated in silicon photonics. Indeed, one 
such realization is that any linear optical component can be emulated by an appropriate set of such two-beam 
interferences [3].  

A second realization is that all linear optical devices are mode converters [4] – that is, any such device can be 
completely described as transforming an orthogonal set of input functions one by one to a corresponding 
orthogonal set of output functions; equivalently, we can usefully describe any linear optical system by the singular 
value decomposition (SVD) of its scattering operator, and also we can state that, for any linear scatterer, there is 
always set of orthogonal communications channels through it [4,5].  

In a particularly practical twist, the Mach-Zehnder mesh architectures can directly represent such an SVD [3], 
and this in turn gives us a simple constructive proof that any linear optical element is possible in principle. One 
surprising consequence is that we can rewrite Kirchhoff’s laws of thermal radiation [5], now incorporating 
diffraction and even non-reciprocal systems (neither of which was possible before), and establishing a total of 4 
new laws. Another fundamental consequence is that we can conclude that any linear optical element can be 
emulated at a given wavelength by a collection of two-beam interferometers [3].  

A further key realization is that there are simple and completely progressive algorithms that allow us to set up 
these meshes of interferometers [2,3,6-12]. By a sequence of simple single-parameter feedback loops based on 
minimizing or maximizing power on photodetetectors, the entire mesh can set itself up without any calculations 
by training it with the singular value functions. This kind of approach allows a wide range of self-designing, self-
configuring, self-perfecting [8,9] and self-stabilizing optical systems, including self-aligning beam couplers [2], 
automatic laser beam power combiners [2], arbitrary linear transforms [3], systems that can losslessly separate 
overlapping light beams [5,7,11], including automatically undoing scattering between beams [5,11], automatic 
target tracking [6], and automatically establishing the best orthogonal channels through any linear optical system 
[6].  

Potential applications of such meshes include mode multiplexing and demultiplexing in fiber or free-space 
communications [11], linear optical processors [3,13] for classical processing (e.g., for optical neural networks) 
or quantum processing (since these systems are nominally loss-less), and many possibilities in sensing systems. In 
extensions of such networks to include some forward and backward paths, a wide range of microwave photonics 



circuits can also be emulated (see, e.g., [14]). These various basic realizations and practical possibilities offer many 
intriguing new directions in optics.  
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