
AFRL-AFOSR-JP-TR-2021-0003

Beating shot noise using multi-port interferometers

Juan Jose Garcia-Ripoll
AGENCIA ESTATAL CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS
CALLE SERRANO 117
MADRID, MADRID, 28006
ESP

07/25/2021
Final Technical Report

DISTRIBUTION A: Distribution approved for public release.

Air Force Research Laboratory
Air Force Office of Scientific Research

Asian Office of Aerospace Research and Development
Unit 45002, APO AP 96338-5002



REPORT DOCUMENTATION PAGE Form Approved
OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing the burden, to Department of Defense,
Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington,
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to
comply with a collection of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY)
25-07-2021

2. REPORT TYPE
Final

3. DATES COVERED (From - To)
30 May 2018 - 29 May 2020

4. TITLE AND SUBTITLE
Beating shot noise using multi-port interferometers

5a. CONTRACT NUMBER
FA2386-18-1-4019

5b. GRANT NUMBER
 

5c. PROGRAM ELEMENT NUMBER
61102F

6. AUTHOR(S)
Juan Jose Garcia-Ripoll

5d. PROJECT NUMBER
 

5e. TASK NUMBER
 

5f. WORK UNIT NUMBER
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
AGENCIA ESTATAL CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS
CALLE SERRANO 117
MADRID, MADRID 28006
ESP

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)
AOARD
UNIT 45002
APO AP 96338-5002

10. SPONSOR/MONITOR'S ACRONYM(S)
AFRL/AFOSR IOA

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)
AFRL-AFOSR-JP-TR-2021-0003

12. DISTRIBUTION/AVAILABILITY STATEMENT
A Distribution Unlimited: PB Public Release

13. SUPPLEMENTARY NOTES
 

14. ABSTRACT
See attached report

15. SUBJECT TERMS
 
 

16. SECURITY CLASSIFICATION OF:

a. REPORT

U

b. ABSTRACT

U

c. THIS PAGE

U

17. LIMITATION OF
ABSTRACT

SAR

18. NUMBER
OF
PAGES

5

19a. NAME OF RESPONSIBLE PERSON
CHRISTOPHER VERGIEN

19b. TELEPHONE NUMBER (Include area code)
315-227-7002

Standard Form 298 (Rev.8/98)
Prescribed by ANSI Std. Z39.18



Final Report for AOARD Grant FA2386-18-1-4019 
 

“Correlated Boson Sampling Metrology (CoBoSaME)” 
 

June 09, 2020 
 

Name of Principal Investigators (PI and Co-PIs): Juan José García-Ripoll 
- e-mail address :  jj.garcia.ripoll@csic.es 
- Institution : Instituto de Física Fundamental, IFF-CSIC 
- Mailing Address: Calle Serrano 113b, E-28006 Madrid, Spain 
- Phone: +34 628194767 

 

Period of Performance:  05/30/2018 – 05/31/2020 
 

Abstract:  

We have developed a theoretical framework to assess the metrological power of a reconfigurable 

multiport interferometer. This framework is a new formalism that can describe arbitrary linear setups 

using the Gaussian state technology, combined with the classical Fisher information studies. This 

framework revealed that earlier proposals based on boson sampling did not achieve any advantage 

with respect to conventional Gaussian interferometry, thereby shaking the foundations of this field 

and of our project’s working hypothesis. In parallel to this work, motivated by the need to simulate 

large non-Gaussian problems, we have found a new toolkit of quantum-inspired algorithms and 

quantum computing algorithms for performing multivariate numerical analysis—i.e. from solving 

partial differential equations to constructing and analyzing large multivariate probability distributions. 

This research activity has led to two scientific contributions (see items a) and b) in the List of 

Publications). Additionally, the CoBoSaME project has permitted to address other questions beyond 

the scope of its research program which has been collected in several peprints as well (see items c), d) 

and e)). 

Introduction:  

CoBoSaME aims at probing the sensing capabilities of multiport interferometers using techniques 

inspired by boson sampling. As explained in the proposal, there were initial works that showed a 

measurable advantage of such devices when compared with other classical or Gaussian interferometry 

schemes. CoBoSaME’s theoretical efforts were devoted to computing the phase resolution of a 

reconfigurable photonic circuits under a variety of input states. This requires the study of the Fisher 

information for the whole set of Gaussian resources (e.g. input coherent states or homodyne detection) 

endowed with an arbitrary number of modes (i.e. multivariate Gaussian distributions). With such a 

framework we could provide detailed information about the potential quantum advantages to be 

reached in multiport interferometers, such as the ones available at Air Force Research Laboratories. 

Results, Discussion:   

I) Multiport interferometry 

Instead of directly using the Symmetric Logarithmic Derivative (SLD), we developed a new algebraic 

treatment to compute the full Fisher information of the optical field in the multiport interferometer 

device. This represents one of the major achievements of the research work, which renders several 

advantages compared to the earlier and more difficult phase-estimation frameworks. In particular, we 

successfully recovered the vast majority of preceding results for small interferometric circuits 

exploiting Gaussian resources. Furthermore, it also provides useful insight on the interplay between 

the resources and experimental imperfections, such as losses and non-ideal detectors, which could 

open new ways for harnessing the input resources in order to mitigate degrading effects. 

Most importantly, this technique allowed us to address the central question in CoBoSaME, showing 

that the original boson-sampling-inspired metrology strategies don’t provide a real metrological 

advantage with respect to the best classical strategy, for any number of modes. In other words, the 

literature on top of which CoBoSaME was designed was proven wrong, disrupting our original 

research program. 
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Fig. 1. In the work by J. P. Olson et al, Phys. Rev. A 96, 013810 (2017), this plot showed the potential 

advantage of Boson-Sampling schemes (QuFTI) for interferometry. However, our new calculation 

schemes show that the red line underestimates the capability of interferometry with coherent states. 

An updated calculation places the red line below the blue one so that QuFTI is actually worse than 

trivial interferometry with coherent states. 

 

II) Quantum computer and quantum-inspired description of multivariate functions 

Despite this setback, our project has had some important spin-offs. One of them is the development of 

a quantum computing toolbox for solving complex multivariate analysis problems. The original 

motivation for this research was to find an efficient computational description of the multivariate 

probability distributions that appear when studying continuous variable states ---e.g. the states of light 

passing through multiport interferometers--. These states are smooth Gaussian functions or 

deformation thereof, but they are too “large” for conventional processing with traditional algorithms. 

To cope with this problem, we developed efficient encodings of such distributions that work in a 

Near-term Intermediate Scale Quantum (NISQ) computer. The encoding assumes a uniform 

discretization of each spatial variable “x” using s=0,1,…2^n-1 points 

      
where “n” is the number of qubits, Lx the length of the interval and x the spacing between lattice 

points. Once this discretization is constructed, we encode the integer “s” in a set of “n” qubits, so that 

f(x) or f(x) (different choices lead to different algorithms) becomes the actual wavefunction in the 

quantum computer. 

We proved analytically and confirmed numerically that smooth differentiable functions have a 

simple encoding in quantum registers with moderate amounts of entanglement. Simulations with 

Gaussian states, such as the one of our multiport interferometer studies, required entanglement of N-

ebits for an N-variable function, which is an affordable limit near-term intermediate scale quantum 

computers. 

 
Fig. 2. A three-variable squeezed and rotated probability distribution is encoded using a quantum 

register. With a trivial ordering of qubits (A), the amount of entanglement diverges, and the state is 
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hard to build. However, if we reorder the qubits by significance (B), the amount of entanglement is 

bounded to 3. This bound becomes 1 and 2 for one-dimensional and two-dimensional distributions. 

This encoding suddenly opens the door to solving problems outside our initial scope: it can be used to 

solve differential equations, perform signal analysis, interpolate functions and do all sorts of quantum 

numerical analysis tasks, with provable computational advantages. Moreover, for the type of functions 

that usually appear in our sensing scenarios---i.e. smooth differentiable distributions with finite 

bandwithds---, we found that those algorithms admit an efficient representation in terms of matrix 

product states (MPS), which can be efficiently simulated in classical computers, thus opening us the 

door to explore arbitrarily complex sensing scenarios. 

The table below summarizes the algorithms that can be applied to this encoding, both in quantum 

computers and using tensor network states. Each algorithm has an associated cost, measured in 

time or number of operations. In some cases, such as Fourier transforms and interpolation, there are 

exponential gains over classical algorithms that need to explore the exponentially large amount of data 

required to encode a function. 

 
 

This work and the aboved mentioned algorithsm is available as e-print in the arXiv, under 

https://arxiv.org/abs/1909.06619 and is under referral by the journal Quantum 

III) Quantum simulation of PDE’s in real quantum computers 

Building on the ideas from Part II) we have implemented some proof-of-concept quantum simulations 

where we use an IBM-Q quantum computer to solve the partial differential equation of a (i) quantum 

harmonic oscillator and (ii) a superconducting qubit, using the quantum computer itself.  For instance, 

the equation of the quantum harmonic oscillator is 

 

Our first idea is to use the quantum Fourier transform to efficiently interpolate the function over dense 

grids, while simultaneously obtaining good estimates of the derivate and position operator. This 

means that, given a function f(x) encoded in a quantum computer, we can estimate the “energy” E 

associated to it. The second idea is to restrict our search for functions f(x) to a family of variational 

quantum states that are built with a finite set of parameterized gates. 
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Our quantum variational PDE 

solver therefore optimizes the 

variational parameters to find the best 

approximation to the solution of the 

equation. We are currently tuning 

this algorithm, testing different 

optimization methods and different 

variational ansatz. 

This first plot studies the fidelity that 

can be achieved by simulating the 

probability distribution of a harmonic 

oscillator using different algorithms. The red and dashed lines assume a perfect encoding of the 

function in N qubits (N=1-6), combined with interpolation to 2^17 points. As shown in the plot, an 

encoding with 4 qubits can almost perfectly reconstruct the ground state of the problem, perfectly 

interpolating to any other resolution, both in Fourier and position space. 

 

The dots and markers in the same plot assume that we use a variational ansatz to describe the function. 

The blue circles use a controlled-rotation ansatz of our invention that encodes the inversion symmetry 

of the problem. The green triangles use the so called RY ansatz from IBM’s Qiskit library. Both have 

been optimized for fidelity under ideal conditions and reflect the potential accuracy of the ansatz in 

solving the problem. 

 

Once we state the accuracy of the ansatz, we can apply them to the energy optimization itself, using a 

simulated quantum computer, measurements (1000 shots per optimization step) and a stochastic 

optimization algorithm (SPSA) which is compatible with the error fluctuations of the quantum 

computer. Those results are shown as orange dots in the plot.  

Naturally, the fidelity worsens and 

increases to around 10^-3, due to the 

statistical uncertainty introduced by 

quantum measurements. This increase 

in the infidelity comes also with a 

similar deviation in the estimate of 

the energy. However, note that the 

actual accuracy in the energy (0.001) 

lays well below the uncertainty of the 

measurements (0.03), which is a 

promising result. 

 

Summary 

 

1. The working hypothesis of this project have been disrupted, finding that key manuscripts 

were incorrect in the presentation of their results. This means that our original proposals for 

boson-sampling inspired metrology are not feasible and need to be redesigned. 

2. We have found that there is a promising line of research in developing quantum algorithms 

for numerical analysis, and applying them to various problems, from studying non-Gaussian 

interferometry protocols, to as solving differential equations for fluid dynamics and 

engineering. [eprint available] 

3. We have demonstrated that these ideas can be used to develop quantum inspired algorithms: 

i.e., classical programs that have an advantage when solving partial differential equations, 

interpolating functions, integrating, etc. These algorithms have immediate application in the 

simulation of stochastic processes, such as in risk analysis and finance. [eprint available] 

4. We have started a third work that combines those quantum analysis methods with variational 

quantum algorithms in the IBM-Q quantum computers. Our work shows that it is possible to 
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solve useful equations, such as the harmonic oscillator and the equations for a charge and 

flux qubit using the quantum computer itself [manuscript in preparation]. 
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