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Detecting High-Power Multi-Wavelength Fiber
Lasers (MWEFL) from RF/IF Spectra:
A Physics- and Heuristics-Informed Signal Classifier
with Calibrated Indicators

Benjamin J. Gilbert

Abstract—We present a lightweight detector for high-power
multi-wavelength fiber laser (MWFL) activity using commodity
RF/IF captures. The method leverages Welch power spectral
density (PSD) estimation, robust peak picking, inter-peak spacing
tests consistent with tunable multi-line combs, and sideband
pattern analysis indicative of four-wave mixing (FWM) or
acousto-optic tunable filter (AOTF) drive. We add optional
checks for Rydberg-reactive spacing (for atom-based sensors)
and a coherence-density metric combining spectral sharpness
and stability. On synthetic stress cases, the detector reaches high
confidence and correct type attribution (narrow/standard/wide-
band spacing) with interpretable flags (AOTF/FWM, coherence
rating), while remaining fast and portable with sub-millisecond
per-case processing on laptop CPU.

Index Terms—Laser detection, Multi-wavelength fiber laser,
Spectrum sensing, Sideband analysis, AOTF, Four-wave mixing,
Rydberg sensors, Welch PSD

I. INTRODUCTION

High-power MWFLs produce comb-like spectral lines sep-
arated by programmable spacings. In RF/IF captures derived
from optical down-conversion, these lines and their modulation
sidebands form a telltale pattern. We address the practical
question: can we robustly flag MWFL activity and characterize
its type and artifacts from short snapshots? Our approach com-
bines classical PSD and peak statistics with physics-informed
heuristics (spacing/sidebands) and calibrated indicators.

II. BACKGROUND

We estimate PSD with the Welch method [1], find significant
lines via robust peak detection, and interpret inter-peak spac-
ings against expected MWFL regimes (narrow/standard/wide).
Sideband fields discriminate FWM versus AOTF artifacts. We
optionally check for Rydberg-reactive spacings relevant to
alkali-atom electrometry, and compute a coherence-density
score as a compact proxy for purity and stability.

III. METHOD
A. Welch Spectrum & Peaks

We compute (f, PSD(f)) by Welch averaging; let Pyp(f) =
10log,4(PSD + €) and extract peaks {f} with height and
distance constraints. Spacings Ay = fr+1 — fr are compared
to nominal bands {A7} with tolerance windows.

Algorithm 1 MWFL Detector (high-level)

Require: time series x[n], sample rate f;, thresholds ©
1: (f, PdB) — WelchPSD(x; fs)

peaks {fir} + find_peaks(Pyp; O)

if [{fx}| < 2 then
return NONE

end if

spacings Ap < fr41 — fx

match MWFL type b* = argmin, [A; — Aj| within

tolerance; compute confidence

8: scan sidebands around each fj; assign FWM vs AOTF if
patterns fit

9: optional: test Rydberg-reactive spacing windows

10: compute coherence/purity in ROIs; summarize C' € [0, 1]
and rating

11: return structured signature with fields: type, confidence,
sidebands, artifacts, C

A A o

B. Sideband Characterization

Given peaks {fi}, we scan neighborhoods for secondary
lines. Dense, quasi-uniform sidebands suggest FWM; sparse,
near-uniform offsets in the tens—hundreds of kHz suggest AOTF
drive artifacts.

C. Coherence Density

In regions of interest around peaks, we compute mean/peak/-
variance of linear PSD and the —3dB linewidth to form a
unit-interval coherence and spectral purity. Their geometric
mean yields the coherence-density score C' € [0, 1].

D. Algorithm
IV. EXPERIMENTS
We generate three synthetic cases (narrow, standard, wide)
and produce spectra and detections. Fig. 1 displays PSDs with

flagged peaks; Table I summarizes confidence, sideband counts,
modulation attribution, and coherence rating.

V. DISCUSSION

The detector outputs explainable fields
(modulation_type={FWM,AOTF}, sideband symmetry,
coherence rating) that are directly actionable in spectrum
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Fig. 1. Welch spectra and detected peaks for the three synthetic MWFL regimes. Vertical dashed lines mark detected lines; orange markers denote sidebands.

TABLE I 18
DETECTOR SUMMARY ON SYNTHETIC MWFL CASES (AUTO-GENERATED).19
20
21

Case Type Conf.  Sidebands  Coh. rating  Time (ms)
Narrow Narrow 0.99 27 HIGH 42.5 2
Standard  Standard 0.99 20 HIGH 39.8 23
Wide Wide 1.00 13 HIGH 41.1

24
25
26
monitoring. Scaling factors used in synthetic generation placez

optical spacings into RF-friendly Hz—real deployments would?

use instrument-specific down-conversion maps. 2

30
31

VI. LIMITATIONS AND ETHICS

Heuristics can over-fit specific hardware; tolerance windows*
must be tuned to the front-end. Rydberg-reactive flags are in-jj
dicative, not definitive. This work targets safety and compliancess
monitoring; it is not intended to enable malicious activity. .

v
VII. CONCLUSION 38

39
A compact, physics-aware detection pipeline identifies.,,

MWFEFL activity from short RF snapshots with interpretable,*
calibrated indicators. The approach is fast, portable, and suitableﬁ

for real-time monitoring. “
45
46
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APPENDIX A 52
CODE LISTING (DETECTOR) »
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import numpy as np 56
from scipy.signal import find_peaks, welch 57
import matplotlib.pyplot as plt 58

59
def detect_kW_laser_signature(signal, sample_rate=2

e6, threshold_db=-40, harmonics_check=True, 60

check_rydberg_reactive=True, 61

check_coherence_density=True):

mon
63

Detects spectral signature patterns consistent
with high-power Multi-Wavelength Fiber Laser g,

(MWFL) activity. 65

66

Parameters: 67

signal array_like 68
Time domain signal to analyze

sample_rate float 9

Sampling rate of the signal in Hz -

threshold db float

Minimum peak height in dB to consider

harmonics_check bool
Whether to check for sideband artifacts
check_rydberg_reactive bool
Whether to check for Rydberg-reactive harmonic
spacing patterns
check_coherence_density bool
Whether to calculate signal coherence density
across regions of interest

Returns:
dict or None
Dictionary with detection results if MWFL

signature found, None otherwise

# Welch power spectral density estimate

fregs, psd = welch(signal, fs=sample_rate,

nperseg=1024)
psd_db = 10 * np.loglO(psd + le-12)

# Identify peaks in dB spectrum

peaks, props = find_peaks (psd_db, height=
threshold_db, distance=20)

peak_fregs = fregs[peaks]

peak_heights = psd_db[peaks]

detected = False
matched_signature = {}
# Early exit if not enough peaks
if len(peaks) < 2:

return None

# Calculate frequency spacing between adjacent
peaks
deltas = np.diff (peak_freqgs)

# Look for programmable interval spacing
characteristic of MWFL systems

# Typical ranges for various MWFL systems:

# - Standard MWFL: 2-5 THz

# — Narrow band MWFL: 1-2 THz

# — Wide band MWFL: 5-10 THz

typical_spacing_hz = {
'narrow_band': 1.5el2, # 1.5 THz
'standard': 3.0el2, # 3.0 THz
'wide_band': 6.0el2 # 6.0 THz

}

# Determine if spacing matches known MWFL
patterns

mwfl_type = None

consistency_score = 0

# Check spacing consistency (are multiple deltas

similar?)
if len(deltas) > 1:
delta_std = np.std(deltas)

delta_mean = np.mean(deltas)
if delta_std / delta_mean < 0.15: # Consistent
spacing (within 15% variation)
consistency_score = 1.0 - (delta_std /
delta_mean)

# Identify MWFL type based on spacing
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for mwfl_name, typical_spacing in
typical_spacing_hz.items () :
for ds in deltas:
tolerance = 0.1 % typical_spacing # 10%
tolerance
if abs(ds - typical_spacing)
mwfl_type = mwfl_name
detected = True

< tolerance:

# Calculate confidence based on how
close the match is

confidence = 1.0 - (abs(ds -
typical_spacing) / tolerance)

matched_signature = {
'detected': True,
'mwfl _type': mwfl_ type,

'peak_freqgs': peak_fregs.tolist(),
'spacing': deltas.tolist (),
'max_power_dBm': float (np.max (
peak_heights)),
'confidence': float (confidence),
'consistency_score': float (
consistency_score)
}
break
if detected:
break

# Check for Rydberg-reactive harmonic spacing if
enabled
if check_rydberg_reactive and detected:
# Rydberg-reactive frequencies (match quantum
transitions in alkali atoms)
# Key frequencies based on Rydberg transition
spacings (scaled to RF)
rydberg_spacings = [

{"type": "Rb87_high_n", "spacing": 2.5el2,
"tolerance": 0.15el2}, # Rubidium-87,
high n transitions

{"type": "Csl33_high_n", "spacing": 1.8el2,

"tolerance": 0.12el12}, # Cesium-133,
high n transitions

{"type": "K41_high_n", "spacing": 3.2el2, "
tolerance": 0.18el2} # Potassium-41,
high n transitions

]

# Check if the peak spacing matches Rydberg-
reactive patterns
rydberg_match = False
for r_spacing in rydberg_spacings:
for delta in deltas:
if abs(delta - r_spacing["spacing"]) <
r_spacing["tolerance"]:
rydberg_match = True
rydberg_type = r_spacing["type"]
rydberg_match_qguality = 1.0 - (abs(
delta - r_spacing["spacing"]) /
r_spacing["tolerance"])
matched_signature["rydberg_reactive"]
= {
"detected": True,
"type": rydberg_type,
"match_quality": float (
rydberg_match_quality),
"significance": "HIGH" if
rydberg_match_quality > 0.8
else "MEDIUM"
}
break
if rydberg_match:
break

# If no specific match but spacing is in the
general range
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if not rydberg_match and any(l1.5el2 < d < 4.5
el2 for d in deltas):
matched_signature["rydberg_reactive"] = {
"detected": True,

"type": "unknown_gquantum_transition",
"match_quality": 0.6,
"significance": "LOW"

}

if harmonics_check and detected:
# Look for sideband artifacts (indicative of
AOTF or FWM)
sideband_threshold = 10e6 # 10 MHz proximity
sidebands = []

# Enhanced sideband detection — scan the full
spectrum with greater sensitivity
for i, f in enumerate (fregs):
psd_val = psd_db[i] # Get power at this
frequency
for pf in peak_freqgs:
if le6 < abs(f - pf) <
sideband_threshold: # Exclude the
peak itself (1 MHz buffer)

# Only include sidebands with
sufficient power (helps filter
out noise)

if psd_val > threshold_db - 15: #
More permissive threshold for

sidebands
sidebands.append ({
'freq': float(f),
'offset_from peak': float (f -
pf),
'peak_freq': float (pf),
'power_db': float (psd_val)
})
if sidebands:
matched_signature['sideband_count'] = len(
sidebands)

# Classify the modulation technique based
on sideband patterns
if len(sidebands) > len(peaks) *x 2:
matched_signature['modulation_type'] =
FWM' # Four-Wave Mixing (many
sidebands)

else:
matched_signature['modulation_type'] =
AOTF' # Acousto-Optic Tunable Filter
(fewer sidebands)

# Include first few sidebands for analysis
matched_signature['sidebands'] = sidebands
[:10]

# Check if the sidebands are symmetrical (
characteristic of certain modulation

types)
if len(sidebands) >= 2:
offsets = [sb['offset_from_peak'] for sb
in sidebands]
pos_offsets = [o for o in offsets if o >
0]
neg_offsets = [abs (o) for o in offsets
if o < 0]

if len(pos_offsets) > 0 and len(
neg_offsets) > O0:
symmetry_ratio = min(
np.mean (pos_offsets)
neg_offsets),
np.mean (neg_offsets)
pos_offsets)

/ np.mean (

/ np.mean (
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matched_signature['symmetry_ratio']
float (symmetry_ratio)

if symmetry_ratio > 0.9: # Highly
symmetrical
matched_signature[’
modulation_characteristic']
'symmetrical'
else:
matched_signature[’
modulation_characteristic']
'asymmetrical'

# Flag AOTF artifacts specifically
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if matched_signature['modulation_type'] ==

'"AOTEFE':
# AOTF-specific analysis
aotf_characteristic_spacing = 80e3 # 8
kHz typical AOTF drive frequency
aotf_spacing tolerance = 10e3 # 10 kHz
tolerance

# Look for evenly spaced sidebands
characteristic of AOTF modulation

sideband_offsets = np.array([abs (sb['
offset_from peak']) for sb in
sidebands])

# Check for AOTF signature (evenly
spaced sidebands at characteristic
frequencies)

aotf_matches = []

for offset in sideband_offsets:

if any(abs((offset % spacing) -
spacing) < tolerance or abs(
offset % spacing) < tolerance
for spacing in np.arange(75e3,
95e3, 5e3)
for tolerance in [5e3]):
aotf_matches.append(offset)

if len(aotf_matches) >= 2:
matched_signature['aotf_artifacts']

{

'detected': True,

'matched_offsets': [float (m) for
in aotf_matches],
'match_count': len(aotf_matches)

'confidence': min (1.0, len(
aotf_matches) / 5.0), # Scal
confidence with matches (max
at 5)

'significance': 'HIGH' if len(
aotf_matches) >= 4 else '
MEDIUM' if len (aotf_matches)
>= 2 else 'LOW'

}
else:
matched_signature['aotf_artifacts']
{
'detected': False
}
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if len(roi_indices) > O0O:

# Extract ROI data

roi_fregs = fregs[roi_indices]
roi_psd = psd[roi_indices]
roi_psd_db = psd_db[roi_indices]

# Calculate coherence metrics
roi_mean_power = np.mean(roi_psd)
roi_peak_power = np.max(roi_psd)
roi_power_std = np.std(roi_psd)

# Higher coherence = higher peak_power/
mean_power ratio and lower std/mean

ratio
coherence_ratio = roi_peak_power / (
roi_mean_power + le-12)
variability_ratio = roi_power_std / (

roi_mean_power + le-12)

# Normalize to 0-1 scale - higher is
more coherent

coherence_score = min(1.0, (
coherence_ratio / 100) * (1 / (
variability_ratio + 0.1)))

# Calculate spectral purity (
concentration of power in narrow
bandwidth)

# Find -3dB bandwidth

peak_idx = np.argmax(roi_psd_db)

peak_power = roi_psd_db[peak_idx]

bw_threshold = peak_power - 3

# Find the indices where power crosses
the -3dB threshold
above_threshold = roi_psd_db >=
bw_threshold
if np.sum(above_threshold) > 0:
first_idx = np.min(np.where (
above_threshold) [0])
last_idx = np.max (np.where (
above_threshold) [0])
bandwidth_hz = roi_freqgs[last_idx] -
roi_fregs[first_idx]
# Narrower bandwidth = higher
spectral purity
spectral_purity = min(1.0, 5e6 / (
bandwidth_hz + 1e3))
else:
spectral_purity = 0.5 # Default if we
can't calculate

# Store ROI analysis
rois.append ({
'center_freq': float (peak_freq),
'width_hz': float (roi_width),
'coherence_score': float (
coherence_score),
'spectral_purity': float (
spectral_purity),
'bandwidth_hz': float (bandwidth_hz)
if 'bandwidth_hz' in locals()

210 # Calculate signal coherence density if enabled else None
211 if check_coherence_density and detected: 264 })
212 # Define regions of interest (ROIs) based on 265
detected peaks 266 # Calculate overall coherence density metrics
213 rois = [] 267 if rois:
214 for peak_freqg in peak_freqgs: 268 coherence_scores = [roi['coherence_score']
215 roi_width = 20e6 # 20 MHz around each peak for roi in rois]
216 roi_min = max (0, peak_freq - roi_width/2) 269 spectral_purity_scores = [roil'
217 roi_max = min(sample_rate/2, peak_freqg + spectral_purity'] for roi in rois]
roi_width/2) 270
218 271 avg_coherence = float (np.mean (
219 # Find indices for this ROI coherence_scores))
220 roi_indices = np.where((fregs >= roi_min) &2 avg_spectral_purity = float (np.mean (

(fregs <= roi_max)) [0] spectral_purity_scores))
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336

# Combined coherence density metric ( 337
geometric mean of coherence and purity)sss
coherence_density = float (np.sqgrt ( 339
avg_coherence * avg_spectral_purity)) 340

341

# Qualitative rating 342
if coherence_density > 0.8: 343
coherence_rating = 'VERY_HIGH' 344
elif coherence_density > 0.6: 345
coherence_rating = 'HIGH' 346
elif coherence_density > 0.4: 347
coherence_rating = 'MEDIUM' 348
elif coherence_density > 0.2: 349
coherence_rating = "LOW' 350
else: 351
coherence_rating = 'VERY_LOW' 352

353

# Add coherence analysis to results 354

matched_signature['coherence_analysis'] = {
'coherence_density': coherence_density, 355

'coherence_rating': coherence_rating, 356
'avg_coherence': avg_coherence, 357
'avg_spectral_purity': 358
avg_spectral_purity, 359
'roi_details': rois 360

} 361

362

return matched_signature if detected else None 363
364

365

def get_mwfl_visualization_data (signature, 366

sample_rate=2e6, freqg_range=None) :
mmn 367

Converts MWFL detection signature into a format

suitable for visualization 368

in the waterfall display. 369
370

Parameters: 371

77777777777 372
signature : dict
The MWFL signature detected by 373
detect_kW_laser_signature 374
sample_rate float 375
Sampling rate in Hz

freq_range tuple 376
Optional (min_freq, max_freq) in Hz to limit 377
visualization 378
379
Returns

———————— 380
dict 381

Visualization data compatible with waterfall-
visualization. js 382

mon 383

if not signature or not signature.get ('detected', 3s4

False) :
return None 385
386
# Extract key visualization data 387
peak_fregs = signature.get ('peak_fregs', []) 388
confidence = signature.get ('confidence', 0.8)
mwfl_type = signature.get ('mwfl_type', 'unknown') 3se
modulation_type = signature.get ('modulation_type'
, 'unknown') 390
391
# Check for enhanced detection results 392
rydberg_reactive = signature.get ('
rydberg_reactive', {}).get ('detected', False)3s
aotf_artifacts = signature.get ('aotf_artifacts', 3%
{}) .get ('detected', False) 395
coherence_rating = signature.get (' 396
coherence_analysis', {}).get ('

coherence_rating', 'UNKNOWN')
397
# Default color mappings for different MWFL types3es
color_map = { 399

'narrow_band': [255, 100, 100], # Red
'standard': [100, 255, 100], # Green
'wide_band': [100, 100, 255], # Blue
'unknown': [255, 255, 100] # Yellow

}

# Special colors for Rydberg-reactive signals
if rydberg_reactive:
color_map = {
'narrow_band': [255, 50, 255], # Magenta
'standard': [50, 255, 255], # Cyan
'wide_band': [255, 165, 0], # Orange
'unknown': [255, 0, 255] # Bright magenta
}

# Create highlight regions for each peak
highlight_regions = []
for peak_freg in peak_freqgs:
# Width of highlight region depends on MWFL
type
width_hz = {
'narrow_band': 2e6, # 2 MHz
'standard': 5e6, # 5 MHz
'wide_band': 10e6, # 10 MHz
'unknown': 5e6 # 5 MHz
}.get (mwfl_type, 5e6)

# Add the highlight region
highlight_regions.append ({
'center_freq': float (peak_freq),
'width_hz': float (width_hz),
'color': color_map.get (mwfl_type, color_map
['unknown']),
'alpha': min (0.7, confidence) # Opacity
based on confidence

b

# Add sideband highlights if available
if 'sidebands' in signature:
for sideband in signature.get ('sidebands', [])
[:5]: # Limit to first 5 sidebands
sb_freq = sideband.get ('freq')
if sb_freq:
# Sidebands get a different color and
smaller width
highlight_regions.append ({
'center_freq': float (sb_freq),
'width_hz': le6, # 1 MHz
'color': [255, 200, 0], # Orange for
sidebands
'alpha': 0.4,
'pulsing': True # Add pulsing effect
for sidebands

}

# Create visualization data object with enhanced
detection information
display_text = f"MWFL ({mwfl_type})"

# Add Rydberg and AOTF indicators to display text
if signature.get ('rydberg_reactive', {}).get ('
detected', False):
rydberg_type = signature.get ('rydberg_reactive
', {}).get('type', 'unknown')
display_text += f" [RYD-{rydberg_ type}l"

if signature.get ('aotf_artifacts', {}).get ('
detected', False):
display_text += " [AOTF]"

# Add coherence rating if available
coherence_rating = signature.get ('
coherence_analysis', {}).get ('
coherence_rating', ''")
if coherence_rating:
display_text += f" [COH:{coherence_rating}]"
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# Determine alert level based on combined factor
alert_level = 'info'
if confidence > 0.7:

alert_level = 'warning'

# Upgrade alert level for high coherence or
Rydberg-reactive signals
if ((coherence_rating in ['HIGH',
and confidence > 0.6) or
(signature.get ('rydberg_reactive',
detected', False) and
signature.get ('rydberg_reactive',
significance') == 'HIGH')):
alert_level = 'critical'

'"VERY_HIGH']
{}) .get ('

{}).get (!

vis_data = {

'detection_type': 'MWFL',

'mwfl_type': mwfl_type,

'modulation_type': modulation_type,

'confidence': float (confidence),

'highlight_regions': highlight_regions,

'display_text': display_text,

'alert_level': alert_level,

'rydberg_reactive': signature.get ('
rydberg_reactive', {}).get ('detected’',
False),

'aotf_artifacts': signature.get ('

aotf_artifacts', {}).get('detected', Fals
)

}

# Add coherence analysis data if available

if 'coherence_analysis' in signature:

vis_data['coherence'] = {
'rating': signature|['coherence_analysis'].
get ('coherence_rating', 'UNKNOWN'),

'value': float (signature['
coherence_analysis'].get ('
coherence_density', 0.0))

}

return vis_data

if name == "_main__ ":

# Example usage and test for the MWFL detector
import matplotlib.pyplot as plt

def generate_test_signal (sample_rate=2e6,

duration=1.0, mwfl_ type='standard', snr_db
=10) :
"""Generate a synthetic test signal with MWFL
characteristics"""
t = np.arange (0, duration, 1/sample_rate)
n_samples = len(t)
# Base noise
signal = np.random.normal (0, 1, n_samples)

# Add MWFL peaks based on type

spacings = {
'narrow_band': 1.5el2,
'standard': 3.0el2,
'wide_band': 6.0el2

}

# Convert to baseband equivalent for
simulation

spacing_hz = spacings.get (mwfl_type,
1000 # Scale down for simulation

3.0el2)

# Create peaks
num_peaks = 4
center_freq = sample_rate / 4

for i in range (num_peaks) :
peak_freq = center_freq + i x spacing_hz
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if peak_freq < sample_rate/2: # Ensure
within Nyquist
peak_amp = 10xx (snr_db/20)
to amplitude
signal += peak_amp * np.sin(2 x np.pi *
peak_freq * t)

# Convert SNR

# Add sidebands for realism

sideband_amp = peak_amp * 0.3

sideband_offset = 50e3 # 50 kHz

signal += sideband_amp * np.sin(2 * np.
pi » (peak_freq + sideband_offset) =
t)

signal += sideband_amp * np.sin(2 * np.
pi » (peak_freq - sideband_offset) =
t)

return signal

# Generate and test each MWFL type with enhanced

detection
sample_rate = 2e6
duration = 1.0
for mwfl type in ['narrow_band', 'standard',6 '
wide_band']:
print (f"\n===== Testing {mwfl_type} MWFL
detection: =====")
test_signal = generate_test_signal (sample_rate,
duration, mwfl_type, snr_db=15)

# Run enhanced detection with all features
enabled

result = detect_kW_laser_signature (
test_signal,
sample_rate=sample_rate,
threshold_db=-30,
harmonics_check=True,
check_rydberg_reactive=True,
check_coherence_density=True

)

if result:

print (£" [+] MWFL Detected!")

print (f" Type: {result.get ('mwfl_type', '
unknown') }")

print (f" Confidence: {result.get ('
confidence', 0):.2f}")

print (f" Max Power: {result.get ('
max_power_dBm', 0):.1f} dBm")

print (f" Sideband count: {result.get ('
sideband_count', 0)}")

if 'modulation_type' in result:
print (f" Modulation: {result.get ('
modulation_type')}")

# Show Rydberg-reactive results if
available
if 'rydberg_reactive' in result and result|[
'rydberg_reactive'].get ('detected',
False) :
print (f" Rydberg-reactive: YES")
print (f" Type: {result['rydberg_reactive
'].get ('type', 'unknown')}")
print (f" Match quality: {result['
rydberg_reactive'].get ('
match_quality', 0):.2f}")
print (f" Significance: {result['
rydberg_reactive'].get ('significance
', 'UNKNOWN')}")
else:
print (f" Rydberg-reactive: NO")

# Show AOTF artifact detection if available
if 'aotf_artifacts' in result and result|['
aotf_artifacts'].get ('detected', False)
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512 print (f" AOTF artifacts: DETECTED")

513 print (f" Match count: {result['
aotf_artifacts'].get ('match_count',
0"

514 print (f" Confidence: {result['
aotf_artifacts'].get ('confidence',
0):.2£}")

515 print (f" Significance: {result['
aotf_artifacts'].get ('significance',

'UNKNOWN'") } ")

516 else:

517 print (f" AOTF artifacts: NONE DETECTED")

518

519 # Show coherence analysis if available

520 if 'coherence_analysis' in result:

521 print (f" Coherence analysis:")

522 print (f" Coherence density: {result['
coherence_analysis'].get ('
coherence_density', 0):.2f}")

523 print (f" Rating: {result['
coherence_analysis'].get ('

coherence_rating', 'UNKNOWN')}")
524

525 # Get visualization data
526 vis_data = get_mwfl_visualization_data(
result, sample_rate)
527 print (f" Visualization:")
528 print (f" Regions: {len(vis_data.get ('
highlight_regions', []))}")
529 print (f" Display text: {vis_data.get ('
display_text', ''")}")
530 print (f" Alert level: {vis_data.get ('
alert_level', 'info')}l")
531 else:
532 print (f"[-] No MWFL detected")
533
534 # Plot the test signal's spectrum for
verification
535 plt.figure(figsize=(10, 4))
536 fregs, psd = welch(test_signal, fs=sample_rate,
nperseg=1024)
537 psd_db = 10 * np.logl0(psd + le-12)
538 plt.plot (fregs, psd_db)
539 plt.title(f"{mwfl_type} MWFL Test Signal
Spectrum")
540 plt.xlabel ("Frequency (Hz)")
541 plt.ylabel ("Power (dB)")
542 plt.grid(True)
543 plt.tight_layout ()
544
545 # Highlight detected peaks 1f any
546 if result and 'peak_freqgs' in result:
547 for peak_freqg in result|['peak_ fregs']:
548 plt.axvline (x=peak_freq, color='r',
linestyle='—--", alpha=0.7)
549 plt.text (peak_freq, np.max(psd_db)-5, £f"
{peak_freq/le3:.1f}kHz",
550 rotation=90, va='top', ha='right'
)
551
552 # Save the plot
553 plt.savefig(f"mwfl_{mwfl_type}_test.png")
554
555 print ("\nTest complete. Check the generated PNG

files for spectral plots.")
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