Information Limits of Single-Shot Quantum State
Inference under

Multi-Channel Continuous Measurement

Cryptis, Cryptix Network

April 23, 2026

Abstract

A central challenge in continuous quantum measurement is to determine how much
information about a quantum state can be extracted from a single measurement realization.
This question is directly relevant for quantum computing, real-time feedback, and high-fidelity
quantum control.

We investigate the limits of quantum state inference from single-shot continuous mea-
surement records obtained via simultaneous multi-channel weak monitoring of a qubit. In
contrast to conventional approaches based on ensemble averaging or single-channel readout,
we analyze whether time-resolved signals from complementary measurement channels enable
enhanced conditional state tracking within a single realization.

Using a stochastic Bloch-vector framework consistent with standard quantum mea-
surement theory, we introduce operational metrics for estimation accuracy, inter-channel
correlation, and information—backaction trade-offs. We propose a superconducting-qubit
implementation based on multiplexed dispersive readout and present simulation results demon-
strating improved single-shot state tracking, accelerated information gain, and nontrivial
correlation structure across measurement channels.

Our results show that multi-channel monitoring provides a systematic and quantifiable
enhancement of single-shot state inference, while remaining fundamentally constrained by
measurement backaction. This work establishes a concrete and experimentally accessible

framework for probing information limits in continuous quantum measurement.

1 Introduction

Continuous weak measurement enables the gradual extraction of information from a quantum
system without inducing an immediate projective collapse. In circuit-QED architectures, high-
efficiency microwave readout allows individual noisy trajectories to be resolved in real time,

enabling conditional state estimation and quantum trajectory reconstruction.

Despite these capabilities, most established protocols either monitor a single effective observable
or rely on ensemble averaging to recover full state information. As a result, the informational

content of a single continuous measurement record remains only partially exploited.



This motivates a central question: how much structured information about a quantum state is
operationally accessible from a single measurement realization when multiple weak measurement

channels are monitored simultaneously?

In this work, we address this question using a multi-channel measurement framework that probes
complementary observables in parallel. Rather than invoking any extension of standard quantum
theory, we focus on the practical limits of information extraction, state tracking, and inference

within a single stochastic realization.

2 Multi-Channel Measurement Model

We consider a single effective qubit subject to simultaneous weak monitoring of complementary
observables. In a representative implementation, one measurement channel is primarily sensitive
to 0., while a second channel probes o,. The conditioned state is represented by the Bloch

vector

The dynamics are described within a stochastic master-equation framework that captures

coherent evolution, measurement-induced dephasing, and stochastic innovation:

dp = —i[H,pldt + Y Dleilpdt + > _ /mi Hlci]pdW;.

Each measurement channel produces a continuous signal

Li(t) = (ci)p + &(1),

where &;(t) represents detector noise.

For the simulations presented here, we employ a simplified stochastic Bloch-vector model that
captures the essential interplay between information acquisition and measurement backaction

across multiple channels.

3 Proposed Experimental Architecture

A practical realization can be implemented using a transmon qubit dispersively coupled to
two readout resonators with frequency-multiplexed measurement. Independent amplification
chains acquire the outgoing signals, which are then processed jointly to estimate the conditional

quantum state.



Figure 1. Multi-channel continuous measurement architecture
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Figure 1: Schematic of a two-channel weak-measurement architecture. A single transmon qubit
couples to two readout paths that preferentially probe o, and o, respectively. The resulting
measurement records are processed jointly for state inference.

The individual components of this architecture are standard in superconducting-qubit platforms.
The key element of this work is the explicit treatment of the combined multi-channel record as

the primary object for single-shot state inference.

4 Simulation Framework

The present study is based on simulations designed to capture realistic qualitative features of
continuous weak measurement. A stochastic trajectory is generated for a qubit initially prepared

near an equal superposition, with simultaneous monitoring of o, and o.

The model incorporates finite measurement efficiency, dephasing, and weak Hamiltonian evolution.
The objective is not device-specific calibration, but the identification of robust and experimentally

testable signatures of multi-channel measurement.

These include structured single-shot signals, conditioned Bloch-vector dynamics, improved

inference performance, and measurable correlations between readout channels.

5 Results

5.1 Single-Shot Measurement Record

Figure 2 shows representative simulated measurement traces from two weak channels. Although
dominated by noise, both signals contain time-dependent structure that reflects the underlying

conditioned state.



Figure 2. Representative single-shot measurement currents
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Figure 2: Simulated single-shot readout traces from two weak measurement channels.

5.2 Conditioned Quantum Trajectory

Figure 3 shows the corresponding conditioned evolution of the Bloch vector. The state follows a
stochastic trajectory determined by the combined effects of Hamiltonian evolution, measurement-

induced information gain, and backaction.

Figure 3. Conditional trajectory and channel-dependent reconstruction
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Figure 3: Conditioned Bloch-vector trajectory under simultaneous multi-channel monitoring.

5.3 Composite Single-Shot State Tracking

We compare single-channel and two-channel heuristic state-tracking procedures using a fidelity-

based metric between true and estimated states. As shown in Figure 4, incorporating both



measurement channels leads to consistently improved estimation performance.

Figure 4, Ensemble-averaged fidelity across 600 trajectories
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Figure 4: Fidelity comparison between single-channel and multi-channel state tracking.

5.4 Information Gain and Correlation Structure

Figure 5 quantifies information gain via an entropy-based measure. Multi-channel monitoring ac-
celerates uncertainty reduction and reveals nontrivial correlation structure between measurement

streams.

The observed improvement saturates over time, reflecting the fundamental balance between

information acquisition and measurement backaction.

Figure 5. Information gain and uncertainty reduction
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Figure 5: Information gain for single- and multi-channel measurement.



6 Interpretation and Scope

The results demonstrate that multi-channel continuous measurement enhances the amount of
usable information contained in a single measurement record. This enhancement is systematic

but intrinsically limited by the backaction associated with noncommuting observables.

The contribution of this work is therefore methodological: it provides a framework for quantifying
single-shot information content, analyzing trade-offs between channels, and guiding the design

of measurement and estimation strategies in realistic quantum hardware.

7 Testable Predictions

The framework leads to several experimentally testable predictions. First, incorporating ad-
ditional weak measurement channels improves state-estimation performance under realistic
conditions. Second, this improvement saturates due to measurement backaction. Third, there
exists an optimal measurement-strength regime balancing noise and projection. Fourth, cross-

channel correlations provide additional information beyond individual measurement records.

8 Validation Strategy

Experimental validation would involve comparing measured trajectories with stochastic master-
equation predictions, calibrating detector efficiencies and noise, and systematically varying
measurement strengths. Multi-channel estimation performance can then be benchmarked against

single-channel baselines.

More advanced implementations could employ Bayesian filtering or machine-learning-based

reconstruction methods calibrated directly on experimental data.

9 Limitations

This work is a simulation-based concept study and does not yet include experimental validation.
The models are not tailored to a specific device, and the estimators used are intentionally
simplified. A more complete treatment would involve full state reconstruction techniques and

information-theoretic analysis.

10 Conclusion

We have introduced a multi-channel continuous measurement framework for probing the in-
formation content of single-shot quantum measurement records. The results demonstrate that
simultaneous weak monitoring of complementary observables enables improved state inference

within a single realization, subject to fundamental backaction constraints.



The proposed approach provides a concrete and experimentally accessible route to quantifying
information limits in quantum measurement, with direct implications for quantum control,

feedback, and state estimation in superconducting-qubit systems.
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