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Abstract: Technologies like silicon photonics allow complex optics. Emerging applications in 
communications, sensing, and classical and quantum information processing demand complex 
controllable circuits. Recent advances in novel interferometric mesh architectures, new 
algorithmic approaches to control, including self-configuring and self-stabilizing circuits, and a 
clarified modal mathematical approach, promise sophisticated and highly functional circuits 
beyond previous optics. © 2021 The Author  

Increasingly we can use the powerful micro and nano fabrication technology from electronics to make complex 
optical circuits – for example, in silicon photonics. This opens a new era in optics, well beyond the historical lenses, 
mirrors and prisms. Highly complex systems are now offer programmability [1] and adaptability well beyond 
previous systems and controllable optics like spatial light modulators. A canonical circuit is the interferometer mesh, 
typically made from waveguide Mach-Zehnder interferometers. It resembles a “chain link fence”, with waveguides 
instead of fence wire, and incorporates detailed control, usually through phase shifters. These meshes, and the 
concepts that allow us to work conveniently with them, have emerged mostly in the last decade.  

One key conceptual realization from this work [2] is that any linear optical component at a given frequency can be 
made from such meshes; indeed, this realization is the first proof that any such optical component is physically 
possible (and it is a constructive proof, showing how it can be made in principle). A central point about such 
arbitrary components is that for each different (orthogonal) input, we can separately choose the (orthogonal) output 
it generates; this behavior is quite beyond simple lenses or even spatial light modulators. It is mathematically 
equivalent to saying we can emulate any matrix between inputs and outputs. This understanding of the matrix 
representation of an optical component lies behind the use of such meshes for information processing [1-4], both 
classical and quantum. Such a component can implement any linear transform [2] (not just the Fourier transforms of 
classical lenses), and can do so without fundamental loss.  

Once we start working with such components, we need some well-defined mathematical framework [5,6]. Since 
such components typically are formed from multiple single-mode waveguides, it is obvious that they are 
“multimode” devices. And, as they connect into and out of external optics, e.g., through grating couplers, they are 
doubtless working with “multimode” fields, now possibly in free space. This raises the question of what we mean by 
“modes”, an idea that has arguably become confused in optics. Ideally, “modes” give us the most compact and, 
“best” description, requiring just a few modal amplitudes instead of the field at every point. And, they should also 
correspond to the ideas of channels in communications or degrees of freedom in sensing.  

We are used to propagation modes in waveguides or resonant modes in resonators. Neither of these is sufficient or 
appropriate for a complex optical system with inputs and outputs of possibly arbitrary and even different shapes. 
Another quite rigorous modal approach solves these problems [5,6]. The key is to regard any linear optical object, 
whether a scatterer, an interferometric mesh, a complex multimode waveguide with input and output optics, or just 
propagation through free space between a multichannel source and receiver, as being something that couples from a 
set of orthogonal input modes to a set of orthogonal output modes [7]. Surprisingly, those orthogonal sets of modes 
always exist, and they are unique [6]. Note that they are pairs of functions, one in the source or input space, and one 
in the receiver or output space, and are specifically not the beams in the space between the source and the receiver.   

This mathematical approach is based on the singular value decomposition (SVD) of the coupling operator between 
input and output spaces [6]. In this view, any linear optical device is just a “mode converter” between those spaces 
[7]. We think of the input and output modes as the “mode converter basis set”, and any linear communications 
system has a set of “communications modes” that correspond to the orthogonal channels through the system. 
Generally such basis sets in free space are infinite, but this approach resolves the paradoxes of “infinite” numbers of 
communications channels; a sum rule [5,6], based on the unavoidable “Hilbert-Schmidt” nature of all wave coupling 
operators, means that the sum of the squares of the amplitude coupling strengths between input and output modes is 
always bounded, cutting off any infinities.  
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These mode-converter basis sets have fundamental physical laws that apply only to them, such as new “modal” 
Kirchhoff radiation laws [8], and a “modal” version of the Einstein A&B coefficient argument [6]. So, we can claim 
this is the fundamentally correct way to describe linear optics. This SVD modal view maps very well onto the 
interferometer mesh circuits, which then essentially implement the matrix with those orthogonal input and output 
vectors given by the SVD of that matrix. Hence we have a mathematically powerful and physically fundamental 
way of describing our new multimodal optics, and one that resolves many paradoxes and confusions.  

Once we examine the interferometer meshes themselves in more detail, we find that various of the architectures, 
including [9] “diagonal lines” and “binary trees” support some remarkable algorithms, enabled by their topological 
properties [10,11], that allow them to be “self-configured” [2,9-16], based just on local feedback loops between 
sampling detectors and phase shifters. The simplest example of such circuits is a self-aligning beam coupler [9] that 
can automatically combine multiple coherent inputs, e.g., from different waveguides or grating couplers, into just 
one waveguide output. More complex circuits can automatically configure themselves in real time [13,14] to 
separate multiple different overlapping orthogonal beams, as in mode mixing in communications [13]. Other such 
circuits can automatically perfect themselves [12], measure [10] both the phase and amplitude of multimode fields, 
without a phase reference beam, and controllably generate multiple overlapping modes [10]. 

These mesh circuit ideas are part of a larger field of multimode optics that also includes multiplane light converters 
[17,18] and recirculating mesh architectures [1] for r.f. photonic processing and frequency dependent behavior. 
These many developments in the technology, in the fundamental physical understanding, and the architectures and 
algorithms of complex interferometer meshes show that we may be at the beginning of a remarkably capable and 
flexible new area of optics, one whose potential applications are many and limited possibly just by our imaginations. 
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