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1. Introduction 
  

The purpose of this paper is to provide peer review of some research articles published on photonic 
neuromorphic computing by investigating the tools and methods used and highlighting potential sources 
of imprecision, uncertainty, potential areas of improvement, and limits to design scalability. This will 
scaffold a familiarization with photonic neuromorphic computing's use cases, capabilities, limitations, 
bottlenecks, and common tools and methods implemented such to equip myself and the reader with an 
ability to have productive conversation with other researchers in this area to aid in ascertaining the best 
paths forward to implement new experiments to progress towards developing a useful, marketable 
technology. 
  

The textbook "Principles of Photonics" by Jia-Ming Liu provides a foundation of information on the 
area of photonics that I use to guide the analysis of this paper. Information from Chapter 10: Optical 
Modulation and Chapter 11: Photodetection has been helpful in particular.  
  

Moore's Law was proposed in 1965 by Gordon Moore, which accurately predicted for some decades 
how single core processor performance would increase linearly as a result of the number of transistors per 
silicon chip doubling every year. It has been observed starting around the year 2000 that the incremental 
performance increases of single core processors has started tapering off. This is partially due to the size of 
transistors approaching such fine physical limits that the limits in precision at the quantum level have 
started to become significant. One of the main phenomon driving the inherent limits in precision with 
designing quantum systems is the Heinsberg Uncertainty Principal, which describes the trade off in that 
occurs in measuring a quantum particle's position and momentum or it's time and energy [19]. 
  

One new approach to achieving higher spatial efficiency for processors is by performing the logic 
operations using photonic circuits. This is referred to as integrated photonics. There are additional degrees 
of freedom granted with photonic computation due to a greater number of ways to represent bit values. 
Some ways bit values can be represented using photons is by modulating amplitude, phase, linear 
momentum, spin, angular momentum to represent different bit levels. The free-space synthesis that is able 
to occur due to the superposition principals of photons also presents opportunites for increased spatial 
efficiency [20]. 
  

The Von Neumann Model is the model of traditional computing and works as follows: 
When an information processor receives and input, bits of informaiton are retrieved from memory by the 
processing unit, operated on by the processing unit to generate the output, then the output information is 
stored in the memory [18]. This is a sequential process than happens in traditional silicon-based 
processors. On the contrary, in biological cognitive systems, the same cells that store information also 
operate on the information such that processing happens in parallel. This is referred to as collocation of 
memory and processing. The research and development of information systems that utilize collocated 
memory and processing to achieve higher computational efficiency of through biomimetic design inspired 
by biological brains is referred to as neuromorphic computing [1]. Photonic circuits have been 
demonstrated to be feasible for implementing neuromorphic computation systems. Photonic 
neuromorphic computation systems have been demonstrated to be efficient at performing parallel 
computations, which has been in great demand from the growth of machine learning and deep learning, 
which relies primarily on parallel computation.  
  

2. Bottlenecks 
 

An information processor can be considered a complex communication system that is optimized 
to be as temporally and spatially compact as possible. Noise is one of the main factors that limits the 
detection and transmission rate in communication systems. Integrated photonics are communication 



systems that rely on photon emission and detection to transmit information. There is much known about 
the parameters and operating limits of image sensing devices that have used in common devices like 
cameras to detect photons like Charge Coupled Devices. Many of these devices are optimized to output 
macro-level information such to form pixel arrays and images. Since integrated photonics is a relatively 
new focus of research, it can be assumed that there will be more application specific photon transmitters 
and detectors used in photonic circuits developed over time that will allow for finer resolution of photon 
detection, and the simultaneous detection of multiple photons to increase information transfer rate and 
operation rate. There are many approaches that have been used to achieve photon-based logic operations 
and each also involves similarly diverse methods of transmitting and detecting photons. There is yet to be 
a method of transmission and detection of photons that surpasses others by significant amounts in 
versatility, spatial efficiency, temporal effiecncy, and energy efficiency. Which method is most optimal 
depends on the architecture of the larger information processing system. On the larger scale, there are 
some integrated photonic architectures that seem more promising than others, which will be further 
discussed. 
  

On the micro scale, there is much potential for application specific optimization to occur around 
photon detection, transmission, and operation methods, it is useful to define the design scope and increase 
our ability to gauge the feasibility and expected results of different design approaches. Transmission rate, 
detection rate, and operation rate, are factors that can be attributed to effect the information processing 
density and efficiency that can achieved with photonic circuits. 
  

There are many methods of modulation that can be used to encode information onto 
electromagnetic waves. Many the common methods are introduced in Chapter 10 of Principles of 
Photonics by Jia-Ming. There have been numerous techniques across these experiments to implement bit 
representations based on different modulation schemes. However, regardless of the modulation scheme 
chosen, a communication system's efficiency will inherently depend on the precision and accuracy of 
photodetectors used to detect photons and their properties. 
  

To define the scope of feasibility it makes sense to start by consulting the inherent limitations 
imposed by physical phenomenon. The Uncertainty Principal that is encountered when measuring 
quantum scale particles was previously mentioned as one of a sole reasons attributed to the flattening of 
Moore's Law. Another important limitation is shot noise. Shot noise is the noise component of a 
photodetector that is due to the inherent quantum randomness of photon emission from atoms in the 
sensor where photons are emitted probabilistically described by a Poisson distribution. Since shot noise is 
a natural phenomenon attributed to intrinsic photon behavior, it is one of the main limiting factors to 
efficiency of photodetectors and likewise to photonic processors. 
  

It is important to have a means to guarantee error free communication in systems where 
information packets, messages, arrive probabilistically. The Huffman encoding algorithm in information 
theory has been devised to helps with this, in addition to finding an encoding scheme to minimize the 
number of bits used to encode symbols represented by groups of multiple bits. The number of bits used to 
encode a range of symbols corresponds to channel capacity. Through the Huffman encoding algorithm 
and related theories, it is shown that channel capacity is proportional to signal to noise ratio, inversely 
proportional to entropy of the source, likewise inversely proportional to the randomness of the source. 
Thus, to optimize the effiecncy of operations where bit values depend on photon detection with photons 
as the probablistic messages, Huffman encoding seems like it can be feasibly employed in future 
experiments as a means to measure the efficacy of integrated photonic architectures and determine 
methods to increase their efficiency. 
  

Detection rate and dynamic range in photodetectors is limited by the exposure time required to 
build up a significant enough voltage to be detectable, often done by accumulating electrons in a capacitor 



that have been released in response to incident photons. There is a minimum detectable voltage that can 
be read by machine input systems. For the photonic neuron in [2] it is the amplitude required to produce a 
high enough temperature to amorphize a crystal element in a waveguide. Reducing this required read 
voltage would lead to faster read times and throughput. To achieve faster photonic neurons, alternatives to 
Ge2Sb2Te5 (GST) for phase change material based neurons could be considered for future experiments. 
  

3. Photonic Neurons 
 

This experiment entailed in 'Toward Fast Neural Computing using All-Photonic Phase Change 
Spiking Neurons' is particular useful to investigate [2]. The researchers simulated a photonic neuron and 
corresponding photonic circuit architecture, which was then implemented and verified through 
experimentation. The photonic neuron is based on phase-change material properties used for signal 
modulation and built from ring resonators that each contain a small segment of GST crystal as a 
transmitive window. 
  

This experiment employs the photonic neuron to perform read and write operations with high 
switching speed and low energy consumption. The neuron allows for amplitude modulation of signals 
through modulating the imaginary component of the refractive index of the GST material by changing it's 
material phase by thermal modulation. The attenuation constant that describes the signal decay as it 
propegate through the crystal is proportional to the imaginary component of the refractive index of the 
GST crystal, which is proportional to is amorphization, which is proportional to its temperature, which is 
proportional to the amplitude of the signal incident on the GST crystal. The neuron is created using two 
ring waveguide resonators interfaced with an interferometer. Input pulses are received and 'trapped' in the 
rings until a certain threshold is reached where the energy is transmitted out of the resonators. This 
summation process is the process of summation, or integration of inputs over time. After a certain amount 
of inputs, energy accumulates in the resonators and eventually amorphizes the GST crystal element due to 
the temperature increases. When the GST crystal amorphizes it's refractive index significantly decreases, 
allowing transmission of the accumulated result pulse. The two resonator rings are coupled such that one 
ring acts as the positive weight in summation, accelerating the pulse transmission time, whereas the other 
resonator ring acts as the negative weight in the summation, delaying the pulse transmission. Once the 
GST is fully amorphized at its threshold temperature and the pulse is transmitted, this is considered the 
'read' action of the cycle, whereas the inputs are considered writes.  

 
To ascertain the computation performance of these neurons in a larger architecture, the observed 

material parameters are used in a simulation that interfaces numerous neurons into a multi-layer neural 
network. A back propagation machine learning algorithm is performed using the network that relies on 
computing a dot product between the input signals and neuron weights as they relate to each individual 
neuron's correspond to the output layer. Its performance is performance is observed to have viable speed 
and efficiency comparable to electronic counter parts and thus poses it as a promising design for photonic 
non-Von Neuman architectures. 

 
4. Connecting the Gap Between Information Entropy and Thermodynamic Entropy For The 

Optimization of Integrated Photonic Architectures 
  

To consider how to maximize the effiecncy of photonic architectures by optimizing efficiency of 
bit level operations performed at the near-quantum scale, minimizing entropy of information encoding 
should be considered. This prompts the discussion of connecting thermodynamic entropy and the entropy 
of information theory. 
  

Information is directly related to entropy and uncertainty. The Shannon information theory states 
that entropy is proportional to uncertainty. Entropy is referred to how surprising an outcome is. The less 



random an outcome, lower the entropy. Likewise, information content is proportional to certainty. 
Information imparted to one cognitive system to another is considered to increase certainty of a predicted 
outcome. Information content is described by the relation 

 
I = log(1/prob(E)) 
 
where I is the magnitude of information content, and prob(E) is the probability of an event occurring. 
  

In photonic circuits, photons simultaneously represent quantums of information and quantums of 
enegry transfer. It would seem like modeling the entropy for a single particle would be a simple endeavor. 
However, after some investigation, it is clear that entropy of radiative transfer is not fully developed for 
single distinguished particles due to nuances that arise in arriving at a definition that cannot be justified 
using the other existing models of entropy, which will be further discussed. 
  

I've done some analysis to create a model to act as a starting point to grapple with the subject. 
The model posits the entropy for a single photon is proportional to it's energy and wavelength. Likewise, 
corresponding directly to single photon entropy, it posits that the entropy for an electron confined in a 
quantum well (as it is in the electron cloud around an atom) is proportional to it's energy. These 
conclusions are aligned with both Shannon entropy and thermodynamic entropy from statistical 
mechanics. Arriving at this conclusion relied most upon extrapolating the interpretation of Plank's 
constant. The main analysis is summarized in the figure below: 



 



Just as photon energy is discretized by Plank's constant, electron cloud energy levels are similarly 
discretized by Plank's constant. Since an electron's energy level translates directly to an emitted photon's 
energy level via the photoelectric effect, we can say that an electron confined to an electron cloud around 
an atom has a single degree of freedom in the number of pre-transition microstates that it can entertain. 
Plank's constant has physical units of Joule*seconds. This can be interpreted as counting the microstates 
of a quantum particle two-dimensionally: for every increment of increase in a particle's presence in 
energy, there is a corresponding increment of increase to the particle's presence in time. When breaking 
the Joule down to it's fundamental units of (kg*m^2)/s^2, the result of J*s leaves (kg*m^2)/s. Again, here 
it is seen Plank's constant describes a system to count particles 2 dimensionally in accordance with their 
presence in space in time. A particle's presence in space and time is measured by the amount that it 
contorts the fabric of space-time, which is a particle's mass, represented in kg. Whereas kg describes 
topological change to space-time, m^2/s describes the amount of space-time fabric that a particle can exist 
upon, which translates directly to the number of microstates it can be said to entertain. In order to make 
qualitative sense of quantum particle presence, it is said that a quantum particle occupies all possible 
states in space-time simultaneously, which corresponds with Plank's model that quantifies a particle's 
energy by summing the number of possible energy states it can entertain for every instance of time it is 
observed. 

 
In order to preserve the constancy of the speed of light, the density of space-time is held in 

constancy by the dark energy constant. (The existence of dark energy ensures a constant density of space-
time, but allows space-time to expand in volume, leading to the continual acceleration of celestial bodies 
away from each other.) There is some confusion that sometimes arises in the idea that energy and mass 
stretches space-time. This is an instance of over fitting the data. As previously mentioned, it is accurate to 
say that energy and mass (kg) can be roughly seen as a topological packing factor to describe the amount 
of space-time fabric packed into a specified area. While space-time is topologically warped, it is 
unstretched, as stretching it would change the rate that light traverses space. The conclusion that 
precipitates from the previously stated assertions is that the number of microstates a particle can entertain 
is directly proportional to a particle's energy. 
  

This model makes the event where an electron transitions to a lower energy level and releases a 
photon of equal energy very simple to interpret. An electron confined to the quantum well created by an 
atom can be interpreted to be compressed in time with all of it's energy level microstates stacked in a 
spatially fixed location. Upon emission, it can be interpreted that the microstates of the released energy 
are now traveling through space relative to a stationary observer, and that the number of microstates is 
conserved just as the energy is conserved. 
  

Classical entropy in thermodynamics is used to model macro-level phenomenon like heat 
diffusion and requires that two bodies of different temperature come in contact with each other, then 
reach thermodynamic equilibrium. A change in kinetic entropy can be calculated for each body, then 
summed together using the Boltzmann equation 

 
detla_S = k_B*log(W) 
 



where delta_S is the change in entropy, k_B is Boltzman's constant, and W is the number of microstates. 
This model from Boltzman is intended for modeling kinetic entropy across a group undistinguishable 
particles from the macro perspective, thus leaves ambiguity in the precise definition of microstates. The 
model I propose helps disambiguate microstates while still maintaining the same conclusion that entropy 
is proportional to energy. 
  

This model I've developed thus far is intended to describe entropy of single quantum particle to 
be used as a building block, but has yet to include nuances in matters like determining entropy and 
probabilities of groups of particles. There is in fact additional nuances that arise when attempting to 
associate a grouping of microstates to corresponding probability distributions in radiative energy transfer 
carried through photons. The assumptions that Plank and Boltzmann made on these matters is debated so 
cannot be fully clarified through classical theories [11].  
  

To build upon the model I've proposed and or test it's validity, I've sought to consult entropy 
models created by other researchers created more recently.  I've found an article from another researcher 
that posits the opposite: that intrinsic photon entropy is independent of photon wavelength, therefore 
would be independent of photon energy [22]. There a model presented by a researcher that posits the 
opposite: that photon entropy is independent of wavelength, therefore independent of energy. However, 
this model intendeds to rely on the macro perspective, and avoids specifying photon distributions, thus 
photons aren't distinguished. Further the model relies on assuming the volume of a photon can be defined 
to be 

 
V=(4*pi/3)*lambda^3 
 

The volume of a photon is a debated topic and it's interpretation changes from context to context. 
The author showed that wavelength can cancel out in the equaiton of kinetic entropy that he proposed 
with this assumption of photon volume, which lead to his conclusion of photon entropy being 
independent of wavelength. This application scope doesn't intend to model entropy distinguishable 
particles, and doesn't show a relation to the information model of entropy. 
  

Upon further searching, Von Neuman entropy better models the entropy of distinguishable 
quantum particles and has been coming into better focus more recently as it's been used in development of 
quantum computing. I suspect that further investigation of Von Neuman entropy may also reveal 
relevance to integrated photonics that may help optimize the efficiency of the computing architectures. 
  

5. Other Noise Sources and Considerations 
 

One further area of consideration when working at the quantum scale is vacuum energy, also 
known at zero-point energy. I have investigated the question of whether vacuum energy could interact 
with photons in free-space enough to be a considerable noise source when approaching ultra-high 
resolution precision on photon parameters. A theory that describes the exact nature of vacuum energy is 
still being developed, although there is one phenomenon it has been attributed to called the Lamb shift 
where an electron will be pushed an extraordinarily slight distance away from it's normal energy level that 
has been attributed to interference from vacuum energy between an electron and an atom's nucleus. 
However, the Lamb Shift effect is on the order of 10^-6 electron volts, whereas a photon of 1550nm 
wavelength similar to wavelengths commonly used in photonic applications would have on the order of 
10^1 electron volts of energy [21]. Noise attributed by the Lamb Shift or other vacuum energy 
interference would likely remain negligibly small. 
  

One notable finding in investigating free-space photon behavior, it was explained that the energy 
formulas we know of photons that indicate a minimum incremental value determined by the Plank 



constant applies only to energy transfer, not free space traversal. In other words, energy transfer is 
discrete, but the electromagnetic field traversing free space is continuous and there is no minimum energy 
increment between wave amplitudes of frequency differences in free space. This is an important 
realization as it is often assumed due to limited clarification that energy in free space is also quantized in 
accordance with energy transfer equations. This reminds us that the tools in mathematics allow us to build 
models that have verifiable logical consistency, allowing us to peer into the models like lenses to help 
perceive the world and scaffold understanding of phenomenon. Mathematical models should be thought 
of as substates that can be molded and built upon, rather than objective truths, as the infinite continuity of 
the underlying world will always manifest levels of variation and complexity to create ripe opportunities 
of exploration. 
  

This paper has outlined some of the current research being conducted to develop non-Von 
Neuman photonic computing architectures on the micro scale up to the macro scale. Within such, I've 
discussed considerable design constraints, bottle necks, noise sources, potential areas of further 
optimization to elucidate avenues that can be explored in further research. In addition, I have proposed a 
model of distinguishable photon entropy as a starting point to bridge the mathematical gap between 
information entropy and kinetic entropy that I've shown to be consistent with the conclusions of both 
established models of entropy. 
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