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Abstract

Quantum sensing unlocks ultra-precise detection capabilities that can redefine standards in imaging, navigation, and
diagnostics. The strong coupling of a photon field to semiconductor excitons induces a Kerr-type photonic nonlinearity
that alters the conventional photon statistics of coherent laser light. We propose an optimization method for photonic
integrated circuits to enhance the capabilities of quantum phase sensing in the manifold of multimode Gaussian quantum
states, permitting large-scale entanglement. Restricting to the regime of experimentally reported parameters, we show

that classical bounds can be broken with small photonic nonlinearities.

Introduction

Understanding and detecting small phase shifts is essential in applications such
as quantum metrology, interferometry, and quantum sensing. To achieve this,
quantum photonic integrated circuits (qQPICs) can be optimized to maximize their
sensitivity to an incoming phase shift 6 caused by a physical process, such as the
displacement of a reflective object or local perturbations in material thickness or
refractive index. In quantum sensing, the standard measure for evaluating how
well a system can estimate a parameter 6 is the Fisher Information (FI), which
quantifies how much information the measurement outcome (e.g., the output
light) carries about the parameter of interest [1]. Pulses of uncoupled laser
light, characterized by coherent Poissonian photon statistics, are coupled into
the waveguide channels of the qPIC. While the pulses pass through a sequence
of coupling gates, the intrinsic qPIC nonlinearity, combined with the linear
interferences leads to non-classical photon statistics and entanglement between
the different waveguide modes. Each unitary gate is characterized by a linear
coupling rate J, anonlinearity U, and a gate propagation time A¢. Since polaritons
arise from the strong coupling of the photons to the exciton field, the exciton-
polaritons [2], they propagate with a well-defined group velocity v, giving
At = Ax/vg, with Ax the gate spatial extent [3]. As illustrate in Figure 1, the
gPIC architecture is divided into three main sections:

* The initiation block (also called the state preparation block) prepares
the input light into a specific (Gaussian) quantum state with large-scale
entanglement.

* The phase shift block adds a small phase shift  to one or multiple
waveguides. This is the stage where the physical signal to be sensed is
encoded into the quantum state of light.

* The readout block transforms the evolved state to optimize the extraction
of useful information at the output.

The figure of merit (FOM) for optimization is set as the Fisher information,
which quantifies the amount of information contained in the photonic output
distribution. The FOM £ is then used in a gradient-based optimization algorithm
to iteratively update the coupling rates J; 4 in each gate after obtaining the
gradients 0.L/0J; 4, with d the indexing the layer in which the modes / and [ + 1
are coupled.

The main purpose of this work is to explore the benefits of including the
initiation block in the qPIC optimization, a feature that was not studied in the
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Figure 1: Schematic of an optimized
gqPIC with L = 6 waveguides, Di,;; = 4
initiation layers, a phase shift in the first
channel, and Dy.,q = 8 readout layers
with gate nonlinearity U - At = 0.001.
The numbers in the blocks represent the
optimized coupling rates J; 4 - At of that
gate.



previous work [3]. By preparing the input light into specific Gaussian states, we want to improve phase sensitivity
beyond what is achievable with readout-only optimization. At the same time, we also want to explore the inclusion
of nonlinearity and different numbers of phase-shifted channels. In this study, we focus on the regime of small total
nonlinearity (U - Tyt = U - D - At < 0.05, with D the number of layers in the qPIC, T the circuit propagation time and U
expressed as a temporal rate), where the Gaussian approximation remains valid and the system can be reliably simulated.

Importantly, the inclusion of the initiation block enables the generation of quantum entanglement between different
waveguide modes at the moment the phase shift is applied. Entanglement correlates the photon statistics across modes,
generating non-classical statistics, even in the Gaussian regime [4], and therefore allowing phase information imprinted on
one part of the system to be shared globally. This collective sensitivity enhances the extracted Fisher Information beyond
the classical limit. By exploiting these correlations within the Gaussian manifold, our approach aims to move toward the
Heisenberg limit, the fundamental bound for phase estimation in quantum sensing [5].

Quantum photonic integrated circuit simulation

To model our qPICs, we use the Hartree-Fock-Bogoliubov (HFB) approximation, a self-consistent Gaussian variational
method suitable for describing interacting quantum systems [6]. This approach allows us to study the dynamics of Gaussian
states in nonlinear qPICs. It is particularly well-suited to the weakly nonlinear regime explored in this work.

Each block of the qPIC can be viewed as a unitary gate acting on the input light field. In the quantum picture, such a
gate is described by a Hamiltonian that governs how photons propagate and interact within a given layer. A single coupling
gate can then be represented by the unitary operator,

V(J Ui Ar) = e 8 HPU0), (1)

with the two mode coupling Hamiltonian,
HP (J,U) = -nJ(blby + blby) LY (b”b2 +b3°h3). )

Here, the operators IA);r and b; are bosonic creation and annihilation operators, which respectively add or remove a
photon from mode /. In classical photonics, one typically describes light in terms of amplitude and phase; in this quantum
formulation, those quantities correspond to expectation values of the field operators, while the operators themselves allow
us to capture fluctuations and correlations between individual photons. J is the coupling rate between modes such that a
gate coupling of, e.g., J - At = n/4 represents a 50:50 splitter in the linear regime. U characterizes the Kerr-type photonic
nonlinearity.

We consider a qPIC composed of L coupled waveguides (or modes), arranged in D sequential layers (D = Dipit+ Dyead
with D;,;; the amount of initiation layers and D..,q the amount of readout layers) that define the overall depth of the circuit.
Each layer corresponds to a distinct coupling configuration, characterized by a time-dependent coupling matrix J; 4 (7). In
practice, the qPIC is implemented as a stack of two-mode coupling gates with nearest-neighbour interactions J; 4(¢), where
[ indicates coupling between the [ and [ + 1 waveguides, d denotes the layer and ¢ denotes the propagation time. The total
evolution through the circuit is thus obtained by composing these layers, each described by its own effective Hamiltonian.

This formalism parallels the linear couplers used in integrated photonics, but now includes an additional nonlinear
self-interaction term proportional to U, which modifies the photon statistics as hght propagates through the circuit. In the
Gaussian framework, we shift the bosonic operators as bl = a; +d;, where a; = (bl) describes the classical, coherent field
and d; describes the Gaussian quantum fluctuations around this mean field. Here, we define the normal and anomalous
correlations, Nj,,, = (d;dm) and Cy,,, = (d;dm).

Starting from the Heisenberg equation for the bosonic operators and making use of Wick decompositions, we work out
a set of nonlinear coupled ordinary differential equations (ODEs) which determine the dynamics of the coherent field a;
and the correlations Ny, and Cj,, where the evolution of each of these values is dependent on the others (see, e.g., Ref. [6]
for full expressions):

i0;a; = F(y(a'l’ Nim, Clm)s i0;Nim = Fn (a'ls @ms Nim,s Clm)s i0;Crm = FC(G![, @, N, Clm)- 3)

This ODE formulation is advantageous because it allows the use of differentiable numerical solvers, enabling gradient-
based optimization of the gate coupling rates J; 4. In practice, we implement the time evolution using the torchdiffeq
library for adaptive ODE integration within a PyTorch environment, which provides automatic differentiation and stable
optimization of photonic gate sequences [7, 8].

(Quantum) Fisher Information

In quantum sensing, our aim is to estimate a physical parameter (such as a small phase shift  applied to light in a photonic
circuit) with the highest possible precision. The Fisher Information, ¥ (6), quantifies how sensitively the probability



distribution of measurement outcomes depends on this parameter. Through the Cramér—Rao bound, it sets a lower limit
on the achievable variance of an estimator. The Quantum Fisher Information (QFI), ¥ (), provides a tighter bound by
optimizing over all possible measurements

1 1
m7(9) = mTo(6)

Var(6) > ()
where m is the number of measurement repetitions. When collecting classical statistics, the achievable precision scales
as Var(0) oc 1/mL, with L the number of resources (waveguides in our case), the shot-noise limit. In contrast, quantum-
enhanced protocols can exploit entanglement to reach the Heisenberg limit, when ¢ o L?, with L the number of entangled
resources being measured, giving a quadratic improvement in sensitivity [9].

Assuming, to first order, Gaussian-distributed measurement outcomes, where shifts in higher-order moments can be
neglected, we use the following measure for quantifying the phase distinguishability of the qPIC,

Fo0) = % (%)2 )
R ; 0'12 00 |’

with u; = (fi;) the expectation value of the number distribution and o-l2 = Var(#;) the variance of this number distribution.
Both quantities can be directly calculated from the Gaussian variables a;, Ny, and Cy,.

The QFI sets the fundamental upper bound on the achievable precision for estimating a parameter encoded in a quantum
state [10, 11]. Given this limit, the purpose of circuit optimization in this work is to maximize the measurable Gaussian
Fisher Information (defined in Eq. 5) obtained from the readout stage, such that it approaches the QFI as closely as possible
for small phase shifts 6. Following this reasoning, we set the FOM for optimizing the gate couplings J; 4 as L = (0)| 9=0"
In doing so, the circuit minimizes the achievable estimator variance, realizing measurement strategies that extract nearly
all quantum information available in the state.

The nonlinear quantum sensing enhancement

We first investigate how the inclusion of initiation layers affects the optimized Fisher Information in both linear and weakly
nonlinear qPICs. The initiation layers prepare the input light into entangled states that can enhance the Quantum Fisher
Information and, consequently, improve the measurable FI at the output.

qPICs with L = {4, 8,12, 16} channels are considered. For each configuration, the number of readout layers is set
to two more than the number of channels to ensure complete information interchange between the different modes. The
number of initiation layers is varied between Dinir = 0 and Djyi¢ = 20, with the results shown in Figure 2a. Across all
circuit sizes, the FI begins to rise only after at least two initiation layers are included. Beyond this point, larger circuits
show a more gradual increase, and the FI eventually saturates once Dint = L — 1 is reached. This behaviour confirms that
roughly L — 1 initiation layers are required for full information transfer between all channels.

In the classical linear regime, the optimal FI consistently saturates around ¥ (6) = L, this is because pulses of
a = 1 are considered, corresponding to an average of one photon per pulse. This places the system in the low-occupation
photonic regime, where quantum fluctuations play a significant role. Introducing a small nonlinearity (U - At > 0) raises
this saturation value, indicating that nonlinear effects enhance information extraction beyond the classical linear limit.

Next, we study the effect of applying the phase shift to multiple channels simultaneously, where the number of phase-
shifted channels is represented by L. This is expected to increase the total information available about the phase. Figure
2b presents results for circuits with L = {2, 4,6,8,10, 20}, gate nonlinearity U - Ar = 0.001 and no initiation layers,
where Ly, is varied. The optimal FI exhibits a clear quadratic dependence on the number of phase-shifted channels and is
symmetric with respectto L, = k <> L, = (L — k), consistent with the fact that global phase shifts leave FI unchanged.
Consequently, the FI reaches its maximum when the phase shift is applied to half of the channels, corresponding to the
most distinguishable configuration.

Finally, when both initiation layers and multiple phase-shifted channels are included, we find that once a sufficient
number of initiation layers are present, the optimal FI becomes insensitive to how many channels are phase-shifted. This
indicates that the initiation block alone can fully distribute and extract the available phase information across the qPIC.

Conclusion, Remaining Challenges and Future Outlook

In this work, we explored the optimization of photonic circuits for quantum phase sensing using the ODEs from the qPIC
established in the Gaussian variational description of the photonic quantum state. By dividing the qPIC into initiation, phase
shift, and readout blocks, we systematically studied how different design choices affect the achievable Fisher Information.
Our results show that initiation layers play a crucial role in preparing the system state, enabling efficient distribution of
information across channels. We also found that applying phase shifts to multiple channels or including small amounts of
nonlinearity can enhance the extracted FI beyond the linear baseline. These insights highlight that both circuit architecture
and controlled nonlinear effects can be used to increase sensitivity.
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Figure 2: (a) FI as a function of the number of initiation layers for circuits with L = {4, 8,12, 16} for both linear (U - At = 0)
and small nonlinear gates (U - At = 0.001) and a phase shift applied in one channel. Including initiation layers leads to a
higher Fisher Information and adding nonlinearity allows the Fisher Information to surpass the classical limit.

(b) Fisher Information as a function of the number of phase-shifted channels. Each configuration uses two more readout
layers than channels, allowing maximum QFI extraction. The red line shows the quadratic trend fitted to the data where we
see the maximal amount of information extraction is achieved when half of the available channels receive the phase shift.

As the total circuit nonlinearity increases, either through stronger nonlinearities or by extending the circuit depth, the
Gaussian variational approximation loses its validity and the simulations begin to exhibit numerical instabilities.

Looking ahead, several promising directions remain open. First, improving the numerical robustness of the propagation
could resolve the numerical issues observed at higher nonlinearities. Second, extending the variational optimization to
larger and more complex circuit architectures would further explore the scaling behaviour of FI and its relation to the
QFI boundary. In addition, incorporating photon losses or including other physical parameters like excitonic and detector
noise, could give more realistic scenarios that can be better compared to potential experimental results. Finally, exploring
alternative simulation frameworks such as tensor network or stochastic phase-space methods could provide complementary
tools for studying regimes with stronger nonlinearities.
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