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Abstract—Integrated quantum photonic chips are promising
candidates for scalable quantum technologies because they com-
bine coherence, interferometric stability, and compact on-chip
hardware. The central question, however, is not only whether
chip-based photonic entanglement can be demonstrated, but
whether it remains useful under realistic loss. We combine a
compact survey, a Bell-loss model, and a field-mode viewpoint to
show that any credible scalability assessment must treat entan-
glement survival, threshold visibility, and compounded efficiency
together rather than rely on conditional fidelity alone. In this
framework, Bell violation, end-to-end efficiency, and multimode
structure jointly determine whether a photonic platform remains
scientifically credible as architectures grow. For fast readers, the
message is simple: future progress requires low depolarization,
high total efficiency, and controllable multimode photonic cir-
cuits.

Index Terms—Integrated quantum photonics, entanglement,
Bell inequality, field modes, fidelity, loss, scalability.

I. INTRODUCTION

Integrated quantum photonics is a serious platform for
scalable quantum technologies because it combines coherence,
interferometric stability, and compact on-chip control in a
single hardware setting [1], [2]. This matters not only for quan-
tum communication and sensing, but also for photonic quan-
tum computing architectures based on interferometric meshes,
modular networking, and measurement-driven protocols. The
field has moved beyond table-top demonstrations toward man-
ufacturable, programmable, and modular photonic platforms.
The central question, however, is not whether chip-based
photonic entanglement can be demonstrated, but whether it
remains useful under realistic loss. Photons are robust and
mobile qubits, yet their weak interactions make deterministic
logic difficult. For this reason, any serious assessment of scal-
ability must treat visibility loss, source inefficiency, coupling
loss, propagation loss, and detector inefficiency together rather
than rely on conditional fidelity alone.

II. SURVEY CORE: WHY THE TOPIC MATTERS

The modern literature points to three genuinely strong
reasons to take quantum photonic chips seriously. First, inte-
gration improves phase stability, footprint, and reproducibility
relative to bulk optics [3], [5], [6]. Second, materials such
as silicon, silicon nitride, and lithium niobate provide com-
plementary trade-offs among fabrication maturity, low-loss

routing, and fast electro-optic control [3], [4]. Third, recent
experiments now connect chip-scale components to broader
architectural questions: manufacturable photonic modules [9],
large programmable circuits [11], and modular networking
across multiple chips [10].

At the same time, the literature also teaches caution. Many
photonic benchmarks are conditional, meaning they quantify
state quality given successful events rather than full end-to-
end throughput [7]-[9]. For this reason, the correct scientific
metric is not only fidelity, but fidelity under realistic system
efficiency. This gives the paper its main theme: the field is
promising, but its promise must be evaluated with loss-aware
discipline rather than with isolated headline numbers.

A useful way to summarize the survey is to separate three
layers of progress. At the device layer, integrated sources, in-
terferometers, modulators, and detectors continue to improve.
At the circuit layer, programmable meshes and reconfigurable
architectures enable complex transformations on chip [11]. At
the system layer, scalability depends on packaging, synchro-
nization, source brightness, feed-forward, and loss budgets
across the full photonic stack [7], [9], [10]. For a balanced
splitter, with Upg the balanced beam-splitter matrix,
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while ideal Bell correlations obey
S:E(a7b)+E(avb/)+E(a/7b)_E(a/7b/)7 (2)
with F(a,b) the measured correlation for analyzer settings
a and b, and with |S| < 2 classically and 2v/2 quantum
mechanically. The total efficiency factorizes as
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with the 7n’s denoting source, coupling, chip, and detector
efficiencies, so strong conditional state quality may still coexist
with weak practical throughput. A deeper viewpoint comes
from quantum field theory, where chip states are excitations
of coupled modes,
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with w; the mode frequency, x;; the inter-mode coupling, and
[Ezi,d}] = 0;;; scalability then becomes a question of how

entanglement and loss propagate across many modes.



III. COMPACT LOSS-AWARE FRAMEWORK

A minimal entangled resource can be represented by the
Bell state [12]
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with |0) and |1) denoting the qubit basis states. At the operator
level, a 50:50 splitter transforms
&t +idt o et +df
_ b' = ——,

V2 V2
with af,b! the input-mode creation operators and ¢',dl the
output-mode creation operators, so |1,0)q, — (|1,0)eq +
i]0,1)¢q)/v/2 and [1,1)ap — 9(]2,0)ca + [0,2)ceq)/v/2. This
connects single-photon splitting and two-photon interference
to Bell-type nonclassicality on chip. To keep the loss model
transparent, we write the output state as

Pout = ﬁn o Dp o Z/{Chip (Pin)7 (7)
with pi, and poys the input and output states, Uchip the
intended chip action, D, depolarization or dephasing, and L,
total loss. In a compact toy model,
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with F the fidelity, C' the concurrence, and p the depolarization
parameter,
1

S(V,p) =2V2V(1—p), Vin(p) = m, )

with V' the visibility and V; the Bell threshold, so Bell
violation survives only when S > 2 or equivalently V' >
Vin(p) [12]. To emphasize practical usefulness rather than only
state quality, we also define an effective utility-like quantity
(10)
with U.g an effective utility-like quantity, F' the fidelity,
and 70ta1 the total end-to-end efficiency; this captures the
quadratic penalty caused by imperfect end-to-end efficiency.
For multi-photon scaling, a simple counting argument gives
1D
with Ry the useful rate at size N and R, the baseline rate,
so even moderate loss becomes a major bottleneck as the
photonic system size grows. Mathematically, this means that a
useful photonic platform must preserve entanglement strongly
enough for Bell-certified nonclassicality while also avoiding
compounded efficiency collapse [7]-[9].

Figs. 1 and 2 summarize the core point. The first shows
where Bell violation survives in the (V,p) plane. The second
shows how fast the visibility requirement rises as depolariza-
tion grows. Together they show that realistic chip assessment
must combine nonclassical certification with loss-aware scal-
ability criteria rather than report only one attractive number.
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Conclusion— Integrated quantum photonic chips are credi-
ble candidates for scalable quantum technologies, but their
promise should be judged under realistic loss rather than
fidelity alone. This paper argues that Bell violation, threshold
visibility, and total efficiency form a joint test for decid-
ing when a photonic architecture is not merely elegant, but
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Fig. 1. Bell-survival map for the Clauser—Horne—Shimony—Holt (CHSH)
parameter S(V,p) = 2¢/2V (1 — p), where V is the visibility (interference
contrast) and p the depolarization parameter. The contour S = 2 marks the
CHSH bound.

Bell-violation noise threshold

0.3

S

4 0.2 1

(9]

wn

‘©

e

5 0.1

=

0'()_I T T T T T T
0.70 075 0.80 0.85 090 095 1.00
Visibility V

Fig. 2. Maximum tolerable noise threshold p¢, (V) for Bell violation
versus visibility V' (interference contrast). Here p denotes the depolarization
parameter, used here as a simple noise measure.

genuinely scalable. In this sense, entanglement is not only
a signature of nonclassicality, but the operational resource
that must remain experimentally certifiable as systems grow.
The resulting framework provides a concise basis for sharper
scalability benchmarks and deeper chip-level loss analysis.
Acknowledgement: Thanks to Tampere University.
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