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Abstract

This study proposes a closed-loop Quantum Neural Network-Explainable ATl (QNN-XAI) controller for adaptive chirp
selection in Chirp-Indexed AFDM (CI-AFDM) MIMO-ISAC links over mission-critical doubly dispersive channels.
A deterministic probing column produces compact delay-Doppler statistics that form a low-dimensional controller
state. Conditioned on this state, the QNN outputs a calibrated categorical distribution over pre-/post-chirp pair in-
dices, enabling shortlist-based reception with M = 21! «!Q candidates instead of an exhaustive Q-hypothesis scan.
Explainability is embedded in the loop: attribution-based masking suppresses noise-dominated features, counterfac-
tual perturbations quantify boundary proximity (decision stability), and an uncertainty-triggered safeguard activates
conservative fallback under adverse conditions. Simulations show that QNN-XAI improves BER, reduces decision la-
tency (Tgec), increases Pp at fixed Pra, and enhances joint reliability R(e, 7), while lowering per-frame chirp-selection

overhead.

1. Introduction

Sixth-generation (6G) networks are expected to support
mission-critical connectivity under stringent latency, re-
liability, and energy-efficiency requirements, often in
dynamic settings where the controller observes only
partial and noisy evidence [1]. This has accelerated the
adoption of learning-enabled operation across the wire-
less stack, yet practical deployment still hinges on deci-
sions that can be inspected, stress-tested, and trusted. In
parallel, quantum computing paradigms motivate com-
pact decision models that can express richer nonlinear
mappings under constrained inference budgets, making
quantum neural networks (QNNs) attractive for time-
critical control loops [2].

Explainable Al (XAI) provides a route to account-
able learning in wireless systems. However, much of the
current approach remains open-loop: explanations are
generated after an action is taken and rarely inform the
next control decision [3]. This mismatch becomes acute
for chirp-indexed AFDM-based ISAC over doubly dis-
persive channels, where exhaustive search across large
chirp banks can dominate decision time and computa-
tional cost [4]. To address this, we develop a closed-
loop QNN-XAI controller for CI-AFDM in which a
deterministic probing column compresses each frame
into low-dimensional delay-Doppler summaries, a QNN
ranks pre-/post-chirp candidates to shrink residual test-
ing from Q hypotheses to a shortlist M < Q, and an
in-loop counterfactual boundary-proximity signal trig-
gers conservative fallbacks when probe evidence is am-
biguous. Using the same probe stream for controlled-
Pra sensing, the proposed loop improves both BER and

Pp under a fixed false-alarm design in mission-critical
doubly dispersive operation.

2. System Model

We consider a MIMO-ISAC transceiver with N, trans-
mit and N, receive antennas operating over a doubly
dispersive delay-Doppler channel. Each frame ¢ con-
tains K CI-AFDM columns of length N, where the
first column is a known probing column used for sens-
ing and for extracting compact delay-Doppler descrip-
tors, and the remaining K —1 columns carry data. CI-
AFDM applies a candidate pre-/post-chirp pair (indexed
by ge{l,..., O}) before and after the IDAFT, yielding a
structured waveform family that adapts to channel dis-
persion. After prefix removal and standard preprocess-
ing, the receiver forms a stacked observation y, and, for
each candidate index ¢, constructs an effective channel
H.f,(q) together with an MMSE estimate X;(g). The ex-
haustive oracle decision selects the chirp-pair index by
minimizing the residual error:
orc : -— 2
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which is accurate but expensive when Q is large. The
proposed closed-loop controller uses the probing col-
umn to generate a low-dimensional state vector z, and
outputs a calibrated distribution over indices; only the
most plausible candidates are evaluated, reducing per-
frame decision time while retaining the original CI-
AFDM index mapping.
This research jointly evaluates communication and
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sensing outcomes. Let H, denote the channel estimate
used by the receiver at the frame ¢ (in the chosen pro-
cessing domain). Channel estimation quality is reported
via: _

. E[IH, - HiIE2 |

NMSE; =
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Although channel-estimation quality directly drives
downstream equalization accuracy and thus influences
BER, sensing reliability, and even the detection latency,
this work does not report NMSE explicitly because
its impact is already reflected in the end-to-end met-
rics shown in the following section. For sensing, the
probing column yields a scalar score s, and we decide

(@)

H, = 1{s, > 7} to report the operating point through:

Pea(7) = Pr(s, > 7| H, = 0), €)
Pp(t) =Pr(s, > 7| H, = 1). 4)

On the control side, the controller maps (optionally re-
fined) probe descriptors to a categorical policy my(q | z,)
and selects a shortlist I; of size M <« Q containing the
top-M indices by probability:

I, = Top,({me(q | 2012, ), )

so the residual test in (1) is computed only for g€ I,. The
captured posterior mass tracks the selection reliability:
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Where a high value «, indicates a low probability of dis-
carding strong candidates, the decision latency is ulti-
mately defined as the elapsed wall-clock time required
to finalize the chirp-pair selection. Since residual evalu-
ation predominantly influences this process, T4.c scales
approximately with the number of evaluated indices,
implying a near-proportional reduction when substitut-
ing Q evaluations with M.

3. Simulation Results

Figure 1 shows an apparent reduction in BER
with increasing SNR across all schemes, with the
learning-based controllers consistently outperforming
the MMSE baseline. Conventional Al improves BER by
reducing mismatched chirp-pair choices. At the same
time, XAl provides an additional gain by suppressing
noisy delay-Doppler cues and prioritizing the dominant
factors that drive the decision. QNN-XAI achieves the
lowest BER across the full SNR range, with the most
visible separation in the medium-to-high SNR regime
(around the 1073 region), where its curve exhibits a dis-
tinct left shift relative to XAI and conventional Al indi-
cating more reliable candidate ranking and fewer resid-

ual evaluation errors. .
Figure 2 highlights the computational advantage of

QNN-XAI. Conventional Al exhibits the highest la-
tency, while XAl gradually reduces it as SNR increases.
In contrast, QNN-XAI shows a sharp latency drop af-
ter the mid-SNR region, consistent with a more con-
centrated policy that enables aggressive selection-based
evaluation.
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Figure 1. BER comparison of QNN-XAI vs conventional approaches.
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Figure 2. Decision latency of QNN-XAI, Al, and conventional XAl
4. Conclusion

This paper proposes a closed-loop QNN-XAI controller
for selecting chirps in CI-AFDM MIMO-ISAC over
doubly dispersive channels. The probe-derived delay-
Doppler summaries create a compact state, and the
QNN gives a calibrated distribution to narrow down the
list of candidates, which cuts down on the Q-hypothesis
oracle search. In-loop explainability (attribution mask-
ing, counterfactual/uncertainty signals) makes decisions
more stable and allows for_a safe fallback. Simula-
tions demonstrate improved BER and Pp, at a constant
Pr4, and increased reliability at lower SNR compared
to MMSE, A, and XAI
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