
Fundamental Limit to Optical Components 
David A. B. Miller 

Ginzton Laboratory, 450 Via Palou, Stanford University, Stanford, CA 94305, USA 
dabm@ee.stanford.edu 

Abstract:  We prove an upper bound to performance for linear optical components, completely 
independent of detailed design. For one-dimensional dispersive and slow light structures, the 
bound depends only on length and maximum dielectric constant. 
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For linear optical components that manipulate light, such as dispersive or slow light devices, practical experience 
tells us there are limits or trade-offs. For example, a resonator or photonic crystal may give large dispersion or delay 
over small spectral ranges, or small dispersion or delay over larger ranges. Some explicit theoretical limits and 
corresponding trade-offs in performance of such devices are known, as in recent work in slow light limits [1]. Such 
limits are, however, generally specific to particular devices or designs, and while such limits are reasonably 
indicative of performance, they are not fundamental in that they do not show that some combination of different 
design approaches or materials could not be found that violates them. Given the growing number nanophotonic and 
nanometallic techniques for new device structures, it is particularly important to know if there are limits to design. 
Here we show a new fundamental limit [2].  

This limit is based on counting numbers of orthogonal functions that can be generated in a receiving space in 
response to scattering from a scattering space. With some minor restrictions (which can be removed for specific 
limit calculations), we prove a general theorem which states that the number of orthogonal waves that can be 
generated in a receiving space as a result of linear scattering in a scattering space is  
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where C is the linear operator that gives effective sources in the scatterer in response to fields in the scatterer 
(effectively, the dielectric constant in the scatterer), GS is the Green’s function of the free-space wave equation, and 
the traces (Tr) are taken over that space of source functions in the scattering volume that give rise to non-zero waves 
in the receiving volume. Since these traces are quite generally bounded in real physical systems, there is a limit to 
M. Note that this limit is valid for arbitrarily strong scattering, including multiple scattering within the scatterer. 

Specific results can be derived relatively straightforwardly for one-dimensional systems with some minor 
approximations (i.e., presuming that the bandwidth of interest is much less than the center frequency and that the 
structure is much longer than a wavelength). We could consider, for example, the dispersive separation of pulses of 
different center frequencies in time by a one-dimensional structure such as a Fabry-Perot cavity, a layered dielectric 
stack, or some other structure that can be characterized as one-dimensional, such as single-mode waveguides with 
longitudinal index variations, including  periodic “photonic crystal” or even non-periodic variations. The resulting 
upper bound limit in this case to the number of such pulses that can be separated can be written [2] 
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where L is the length of the scatterer, λc is the center wavelength in the background medium and ηmax is the largest 
magnitude of the relative variation of the dielectric constant compared to the background medium at any wavelength 
of interest and at any position in the structure. Similarly, the maximum number of pulse widths by which we can 
delay a pulse using a linear one-dimensional slow light structure can be shown to be almost identical to the result (2) 
above (it is smaller by 1). These upper bound limits are completely independent of the details of the design of the 
structures, they apply for arbitrary complex dielectric constants (including index, absorption, and gain variations), 
and for arbitrary spectral variation of dielectric constants, including ones that are different at every point in the 
structure. Hence we have fundamental limits to the design of linear optical components for dispersion and delay.  
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