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Abstract: We show a simple and rigorous way of finding the strongest and lowest cross-talk 
channels for communicating with optics. This approach leads to several practical and fundamental 
results in classical and quantum optics. © 2020 D. A. B. Miller 

Increasingly, we like to use the idea of modes in optics (see [1] for a general discussion). Physically, we want to use 
more modes to increase communications bandwidth or possibly enhance sensing. New approaches, such as Mach-
Zehnder meshes, can allow quite sophisticated control and exploitation of complex multimode fields (see, e.g., [2] 
and references therein for a recent discussion). Mathematically, modes provide an economical description of waves. 
We can reduce some complicated wave functions to finite numbers of mode amplitudes, as in propagating fiber 
modes and ideal laser beams.  

But, especially when we look at communications more generally, such as sending information on multiple modes – 
for example through free space – the topic of modes can become confused. We no longer have some dominant basis 
set like the propagating modes of some fiber that will naturally force themselves on the mathematics of the problem, 
and there is no “resonator” in free space propagation that would lead naturally to resonator modes. Particular 
confusion has arisen because of misunderstandings of orbital angular momentum beams and whether they open up 
new degrees of freedom for communications (which they do not – see [1], pp. 757-8, and footnote 201 for the 
proof). The question is not merely one of terminology; the question of finding the best channels with the strongest 
connections and the lowest (ideally zero) cross-talk is a real one, and should have a well-defined mathematical 
answer. But finding a corresponding mode description for counting the best orthogonal channels for communicating 
between surfaces or volumes, or for optimally describing the inputs and outputs of a complicated optical system or 
wave scatterer, requires an approach beyond waveguide propagation modes or resonator modes.  

Fortunately, the solution to this problem exists [1]. It is well-defined, it is mathematically straightforward and 
rigorous, and it offers many physical insights, including new fundamental laws. The key is to look at this problem as 
involving not one but two volumes – a source volume and a receiving volume. Instead of finding eigenfunctions of 
one volume, such as a resonator or a waveguide cross-section, we simultaneously solve two eigen problems, one for 
the source volume and another for the receiving volume. The resulting modes are not the beams between the 
volume, but rather the pairs of functions, one in the source volume and the other in the receiving volume, that 
correspond to the best (and orthogonal) choices of source functions that give, one by one, the best (and orthogonal) 
resulting received waves.  

 
Fig. 1. Whether we think of finding the optimum channels for (a) simple communications through free 
space, or (b) through some device, object, or scatterer, the singular-value decomposition of the coupling 
operator between the source and receiving volumes gives the optimum orthogonal source functions in the 
source volume that couple to the corresponding optimum orthogonal wave functions in the receiving 
volume [1].  

The mathematics of this approach is actually well known and understood. It is the process of singular-value 
decomposition of the coupling operator (Green’s function) between the source and receiving volumes. The resulting 



pairs of optimal source and receiver function can be called “communication modes” pairs [1]. We can also 
generalize this to situations beyond just free-space communications, in which we have some optical device, object or 
scatterer in between source and receiver spaces, in which case the resulting optimal functions can be called “mode-
converter basis function” pairs [1]. These general situations are illustrated in Fig. 1. 

This approach defines the best communication or input/output channels, allowing precise counting and 
straightforward calculations. In [1], we introduce all the mathematics and physics of this approach, which works for 
acoustic, radio-frequency and optical waves, including full vector electromagnetic behavior, and is valid from 
nanophotonic scales to large systems.  

This approach leads to several general behaviors of communications modes, including various heuristic results. For 
situations we understand relatively well, such as the number of “diffraction limited spots” we can form on one 
surface from sources on another, in paraxial optical systems, it reproduces known heuristic results. But it is able to 
go beyond such situations, and it can quite rigorously generalize the ideas of diffraction, and for systems of arbitrary 
size (so, including nanophotonic systems).  

A new and rather deep mathematical result shows diffraction limits arise from the so-called Hilbert-Schmidt nature 
of all wave diffraction or Green’s function operators, with the resulting limits arising from the Hilbert-Schmidt norm 
of the operator. In any given problem, we can quite clearly establish exactly just what orthogonal (i.e., zero cross-
talk) channels there are for communicating between two volumes, including the number of usable channels. In 
fundamental science, we also establish a new “M-gauge” for electromagnetism that clarifies the number of vector 
wave channels and allows a simple and general quantization. This approach also gives a new modal “M-coefficient” 
version of Einstein’s A&B coefficient argument and revised versions of Kirchhoff’s radiation laws [3].  

This approach, therefore, removes many ambiguities and confusions about communicating with waves, gives clear 
and rigorous answers with straightforward and powerful mathematics, and allows both practical and fundamental 
insights into classical and quantum optics.  
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