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Detecting High-Power Multi-Wavelength Fiber
Lasers (MWFL) 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 PdB(f) =
10 log10(PSD + ϵ) and extract peaks {fk} with height and
distance constraints. Spacings ∆k = fk+1 − fk are compared
to nominal bands {∆⋆

b} with tolerance windows.

Algorithm 1 MWFL Detector (high-level)
Require: time series x[n], sample rate fs, thresholds Θ

1: (f, PdB)←WelchPSD(x; fs)
2: peaks {fk} ← find_peaks(PdB; Θ)
3: if |{fk}| < 2 then
4: return NONE
5: end if
6: spacings ∆k ← fk+1 − fk
7: match MWFL type b⋆ = argminb |∆k − ∆⋆

b | within
tolerance; compute confidence

8: scan sidebands around each fk; 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

B. Sideband Characterization

Given peaks {fk}, 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 −3 dB 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
DETECTOR SUMMARY ON SYNTHETIC MWFL CASES (AUTO-GENERATED).

Case Type Conf. Sidebands Coh. rating Time (ms)

Narrow Narrow 0.99 27 HIGH 42.5
Standard Standard 0.99 20 HIGH 39.8
Wide Wide 1.00 13 HIGH 41.1

monitoring. Scaling factors used in synthetic generation place
optical spacings into RF-friendly Hz—real deployments would
use instrument-specific down-conversion maps.

VI. LIMITATIONS AND ETHICS

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

VII. CONCLUSION

A compact, physics-aware detection pipeline identifies
MWFL activity from short RF snapshots with interpretable,
calibrated indicators. The approach is fast, portable, and suitable
for real-time monitoring.
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APPENDIX A
CODE LISTING (DETECTOR)

1 import numpy as np
2 from scipy.signal import find_peaks, welch
3 import matplotlib.pyplot as plt
4

5 def detect_kW_laser_signature(signal, sample_rate=2
e6, threshold_db=-40, harmonics_check=True,

6 check_rydberg_reactive=True,
check_coherence_density=True):

7 """
8 Detects spectral signature patterns consistent

with high-power Multi-Wavelength Fiber Laser
(MWFL) activity.

9

10 Parameters:
11 -----------
12 signal : array_like
13 Time domain signal to analyze
14 sample_rate : float
15 Sampling rate of the signal in Hz
16 threshold_db : float
17 Minimum peak height in dB to consider

18 harmonics_check : bool
19 Whether to check for sideband artifacts
20 check_rydberg_reactive : bool
21 Whether to check for Rydberg-reactive harmonic

spacing patterns
22 check_coherence_density : bool
23 Whether to calculate signal coherence density

across regions of interest
24

25 Returns:
26 --------
27 dict or None
28 Dictionary with detection results if MWFL

signature found, None otherwise
29 """
30 # Welch power spectral density estimate
31 freqs, psd = welch(signal, fs=sample_rate,

nperseg=1024)
32 psd_db = 10 * np.log10(psd + 1e-12)
33

34 # Identify peaks in dB spectrum
35 peaks, props = find_peaks(psd_db, height=

threshold_db, distance=20)
36 peak_freqs = freqs[peaks]
37 peak_heights = psd_db[peaks]
38

39 detected = False
40 matched_signature = {}
41

42 # Early exit if not enough peaks
43 if len(peaks) < 2:
44 return None
45

46 # Calculate frequency spacing between adjacent
peaks

47 deltas = np.diff(peak_freqs)
48

49 # Look for programmable interval spacing
characteristic of MWFL systems

50 # Typical ranges for various MWFL systems:
51 # - Standard MWFL: 2-5 THz
52 # - Narrow band MWFL: 1-2 THz
53 # - Wide band MWFL: 5-10 THz
54 typical_spacing_hz = {
55 'narrow_band': 1.5e12, # 1.5 THz
56 'standard': 3.0e12, # 3.0 THz
57 'wide_band': 6.0e12 # 6.0 THz
58 }
59 # Determine if spacing matches known MWFL

patterns
60 mwfl_type = None
61 consistency_score = 0
62

63 # Check spacing consistency (are multiple deltas
similar?)

64 if len(deltas) > 1:
65 delta_std = np.std(deltas)
66 delta_mean = np.mean(deltas)
67 if delta_std / delta_mean < 0.15: # Consistent

spacing (within 15% variation)
68 consistency_score = 1.0 - (delta_std /

delta_mean)
69

70 # Identify MWFL type based on spacing



OPEN JOURNAL OF ANTENNAS AND PROPAGATION (OJAP) / TGRS STYLE PREPRINT 3

71 for mwfl_name, typical_spacing in
typical_spacing_hz.items():

72 for ds in deltas:
73 tolerance = 0.1 * typical_spacing # 10%

tolerance
74 if abs(ds - typical_spacing) < tolerance:
75 mwfl_type = mwfl_name
76 detected = True
77

78 # Calculate confidence based on how
close the match is

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

80

81 matched_signature = {
82 'detected': True,
83 'mwfl_type': mwfl_type,
84 'peak_freqs': peak_freqs.tolist(),
85 'spacing': deltas.tolist(),
86 'max_power_dBm': float(np.max(

peak_heights)),
87 'confidence': float(confidence),
88 'consistency_score': float(

consistency_score)
89 }
90 break
91 if detected:
92 break
93

94 # Check for Rydberg-reactive harmonic spacing if
enabled

95 if check_rydberg_reactive and detected:
96 # Rydberg-reactive frequencies (match quantum

transitions in alkali atoms)
97 # Key frequencies based on Rydberg transition

spacings (scaled to RF)
98 rydberg_spacings = [
99 {"type": "Rb87_high_n", "spacing": 2.5e12,

"tolerance": 0.15e12}, # Rubidium-87,
high n transitions

100 {"type": "Cs133_high_n", "spacing": 1.8e12,
"tolerance": 0.12e12}, # Cesium-133,

high n transitions
101 {"type": "K41_high_n", "spacing": 3.2e12, "

tolerance": 0.18e12} # Potassium-41,
high n transitions

102 ]
103

104 # Check if the peak spacing matches Rydberg-
reactive patterns

105 rydberg_match = False
106 for r_spacing in rydberg_spacings:
107 for delta in deltas:
108 if abs(delta - r_spacing["spacing"]) <

r_spacing["tolerance"]:
109 rydberg_match = True
110 rydberg_type = r_spacing["type"]
111 rydberg_match_quality = 1.0 - (abs(

delta - r_spacing["spacing"]) /
r_spacing["tolerance"])

112 matched_signature["rydberg_reactive"]
= {

113 "detected": True,
114 "type": rydberg_type,
115 "match_quality": float(

rydberg_match_quality),
116 "significance": "HIGH" if

rydberg_match_quality > 0.8
else "MEDIUM"

117 }
118 break
119 if rydberg_match:
120 break
121

122 # If no specific match but spacing is in the
general range

123 if not rydberg_match and any(1.5e12 < d < 4.5
e12 for d in deltas):

124 matched_signature["rydberg_reactive"] = {
125 "detected": True,
126 "type": "unknown_quantum_transition",
127 "match_quality": 0.6,
128 "significance": "LOW"
129 }
130

131 if harmonics_check and detected:
132 # Look for sideband artifacts (indicative of

AOTF or FWM)
133 sideband_threshold = 10e6 # 10 MHz proximity
134 sidebands = []
135

136 # Enhanced sideband detection - scan the full
spectrum with greater sensitivity

137 for i, f in enumerate(freqs):
138 psd_val = psd_db[i] # Get power at this

frequency
139 for pf in peak_freqs:
140 if 1e6 < abs(f - pf) <

sideband_threshold: # Exclude the
peak itself (1 MHz buffer)

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

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

143 sidebands.append({
144 'freq': float(f),
145 'offset_from_peak': float(f -

pf),
146 'peak_freq': float(pf),
147 'power_db': float(psd_val)
148 })
149

150 if sidebands:
151 matched_signature['sideband_count'] = len(

sidebands)
152

153 # Classify the modulation technique based
on sideband patterns

154 if len(sidebands) > len(peaks) * 2:
155 matched_signature['modulation_type'] = '

FWM' # Four-Wave Mixing (many
sidebands)

156 else:
157 matched_signature['modulation_type'] = '

AOTF' # Acousto-Optic Tunable Filter
(fewer sidebands)

158

159 # Include first few sidebands for analysis
160 matched_signature['sidebands'] = sidebands

[:10]
161

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

163 if len(sidebands) >= 2:
164 offsets = [sb['offset_from_peak'] for sb

in sidebands]
165 pos_offsets = [o for o in offsets if o >

0]
166 neg_offsets = [abs(o) for o in offsets

if o < 0]
167

168 if len(pos_offsets) > 0 and len(
neg_offsets) > 0:

169 symmetry_ratio = min(
170 np.mean(pos_offsets) / np.mean(

neg_offsets),
171 np.mean(neg_offsets) / np.mean(

pos_offsets)
172 )
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173 matched_signature['symmetry_ratio'] =
float(symmetry_ratio)

174

175 if symmetry_ratio > 0.9: # Highly
symmetrical

176 matched_signature['
modulation_characteristic'] =
'symmetrical'

177 else:
178 matched_signature['

modulation_characteristic'] =
'asymmetrical'

179

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

'AOTF':
182 # AOTF-specific analysis
183 aotf_characteristic_spacing = 80e3 # 80

kHz typical AOTF drive frequency
184 aotf_spacing_tolerance = 10e3 # 10 kHz

tolerance
185

186 # Look for evenly spaced sidebands
characteristic of AOTF modulation

187 sideband_offsets = np.array([abs(sb['
offset_from_peak']) for sb in
sidebands])

188

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

190 aotf_matches = []
191 for offset in sideband_offsets:
192 if any(abs((offset % spacing) -

spacing) < tolerance or abs(
offset % spacing) < tolerance

193 for spacing in np.arange(75e3,
95e3, 5e3)

194 for tolerance in [5e3]):
195 aotf_matches.append(offset)
196

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

{
199 'detected': True,
200 'matched_offsets': [float(m) for m

in aotf_matches],
201 'match_count': len(aotf_matches),
202 'confidence': min(1.0, len(

aotf_matches) / 5.0), # Scale
confidence with matches (max
at 5)

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

204 }
205 else:
206 matched_signature['aotf_artifacts'] =

{
207 'detected': False
208 }
209

210 # Calculate signal coherence density if enabled
211 if check_coherence_density and detected:
212 # Define regions of interest (ROIs) based on

detected peaks
213 rois = []
214 for peak_freq in peak_freqs:
215 roi_width = 20e6 # 20 MHz around each peak
216 roi_min = max(0, peak_freq - roi_width/2)
217 roi_max = min(sample_rate/2, peak_freq +

roi_width/2)
218

219 # Find indices for this ROI
220 roi_indices = np.where((freqs >= roi_min) &

(freqs <= roi_max))[0]

221

222 if len(roi_indices) > 0:
223 # Extract ROI data
224 roi_freqs = freqs[roi_indices]
225 roi_psd = psd[roi_indices]
226 roi_psd_db = psd_db[roi_indices]
227

228 # Calculate coherence metrics
229 roi_mean_power = np.mean(roi_psd)
230 roi_peak_power = np.max(roi_psd)
231 roi_power_std = np.std(roi_psd)
232

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

234 coherence_ratio = roi_peak_power / (
roi_mean_power + 1e-12)

235 variability_ratio = roi_power_std / (
roi_mean_power + 1e-12)

236

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

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

239

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

241 # Find -3dB bandwidth
242 peak_idx = np.argmax(roi_psd_db)
243 peak_power = roi_psd_db[peak_idx]
244 bw_threshold = peak_power - 3
245

246 # Find the indices where power crosses
the -3dB threshold

247 above_threshold = roi_psd_db >=
bw_threshold

248 if np.sum(above_threshold) > 0:
249 first_idx = np.min(np.where(

above_threshold)[0])
250 last_idx = np.max(np.where(

above_threshold)[0])
251 bandwidth_hz = roi_freqs[last_idx] -

roi_freqs[first_idx]
252 # Narrower bandwidth = higher

spectral purity
253 spectral_purity = min(1.0, 5e6 / (

bandwidth_hz + 1e3))
254 else:
255 spectral_purity = 0.5 # Default if we

can't calculate
256

257 # Store ROI analysis
258 rois.append({
259 'center_freq': float(peak_freq),
260 'width_hz': float(roi_width),
261 'coherence_score': float(

coherence_score),
262 'spectral_purity': float(

spectral_purity),
263 'bandwidth_hz': float(bandwidth_hz)

if 'bandwidth_hz' in locals()
else None

264 })
265

266 # Calculate overall coherence density metrics
267 if rois:
268 coherence_scores = [roi['coherence_score']

for roi in rois]
269 spectral_purity_scores = [roi['

spectral_purity'] for roi in rois]
270

271 avg_coherence = float(np.mean(
coherence_scores))

272 avg_spectral_purity = float(np.mean(
spectral_purity_scores))
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273

274 # Combined coherence density metric (
geometric mean of coherence and purity)

275 coherence_density = float(np.sqrt(
avg_coherence * avg_spectral_purity))

276

277 # Qualitative rating
278 if coherence_density > 0.8:
279 coherence_rating = 'VERY_HIGH'
280 elif coherence_density > 0.6:
281 coherence_rating = 'HIGH'
282 elif coherence_density > 0.4:
283 coherence_rating = 'MEDIUM'
284 elif coherence_density > 0.2:
285 coherence_rating = 'LOW'
286 else:
287 coherence_rating = 'VERY_LOW'
288

289 # Add coherence analysis to results
290 matched_signature['coherence_analysis'] = {
291 'coherence_density': coherence_density,
292 'coherence_rating': coherence_rating,
293 'avg_coherence': avg_coherence,
294 'avg_spectral_purity':

avg_spectral_purity,
295 'roi_details': rois
296 }
297

298 return matched_signature if detected else None
299

300

301 def get_mwfl_visualization_data(signature,
sample_rate=2e6, freq_range=None):

302 """
303 Converts MWFL detection signature into a format

suitable for visualization
304 in the waterfall display.
305

306 Parameters:
307 -----------
308 signature : dict
309 The MWFL signature detected by

detect_kW_laser_signature
310 sample_rate : float
311 Sampling rate in Hz
312 freq_range : tuple
313 Optional (min_freq, max_freq) in Hz to limit

visualization
314

315 Returns:
316 --------
317 dict
318 Visualization data compatible with waterfall-

visualization.js
319 """
320 if not signature or not signature.get('detected',

False):
321 return None
322

323 # Extract key visualization data
324 peak_freqs = signature.get('peak_freqs', [])
325 confidence = signature.get('confidence', 0.8)
326 mwfl_type = signature.get('mwfl_type', 'unknown')
327 modulation_type = signature.get('modulation_type'

, 'unknown')
328

329 # Check for enhanced detection results
330 rydberg_reactive = signature.get('

rydberg_reactive', {}).get('detected', False)
331 aotf_artifacts = signature.get('aotf_artifacts',

{}).get('detected', False)
332 coherence_rating = signature.get('

coherence_analysis', {}).get('
coherence_rating', 'UNKNOWN')

333

334 # Default color mappings for different MWFL types
335 color_map = {

336 'narrow_band': [255, 100, 100], # Red
337 'standard': [100, 255, 100], # Green
338 'wide_band': [100, 100, 255], # Blue
339 'unknown': [255, 255, 100] # Yellow
340 }
341

342 # Special colors for Rydberg-reactive signals
343 if rydberg_reactive:
344 color_map = {
345 'narrow_band': [255, 50, 255], # Magenta
346 'standard': [50, 255, 255], # Cyan
347 'wide_band': [255, 165, 0], # Orange
348 'unknown': [255, 0, 255] # Bright magenta
349 }
350

351 # Create highlight regions for each peak
352 highlight_regions = []
353 for peak_freq in peak_freqs:
354 # Width of highlight region depends on MWFL

type
355 width_hz = {
356 'narrow_band': 2e6, # 2 MHz
357 'standard': 5e6, # 5 MHz
358 'wide_band': 10e6, # 10 MHz
359 'unknown': 5e6 # 5 MHz
360 }.get(mwfl_type, 5e6)
361

362 # Add the highlight region
363 highlight_regions.append({
364 'center_freq': float(peak_freq),
365 'width_hz': float(width_hz),
366 'color': color_map.get(mwfl_type, color_map

['unknown']),
367 'alpha': min(0.7, confidence) # Opacity

based on confidence
368 })
369

370 # Add sideband highlights if available
371 if 'sidebands' in signature:
372 for sideband in signature.get('sidebands', [])

[:5]: # Limit to first 5 sidebands
373 sb_freq = sideband.get('freq')
374 if sb_freq:
375 # Sidebands get a different color and

smaller width
376 highlight_regions.append({
377 'center_freq': float(sb_freq),
378 'width_hz': 1e6, # 1 MHz
379 'color': [255, 200, 0], # Orange for

sidebands
380 'alpha': 0.4,
381 'pulsing': True # Add pulsing effect

for sidebands
382 })
383

384 # Create visualization data object with enhanced
detection information

385 display_text = f"MWFL ({mwfl_type})"
386

387 # Add Rydberg and AOTF indicators to display text
388 if signature.get('rydberg_reactive', {}).get('

detected', False):
389 rydberg_type = signature.get('rydberg_reactive

', {}).get('type', 'unknown')
390 display_text += f" [RYD-{rydberg_type}]"
391

392 if signature.get('aotf_artifacts', {}).get('
detected', False):

393 display_text += " [AOTF]"
394

395 # Add coherence rating if available
396 coherence_rating = signature.get('

coherence_analysis', {}).get('
coherence_rating', '')

397 if coherence_rating:
398 display_text += f" [COH:{coherence_rating}]"
399
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400 # Determine alert level based on combined factors
401 alert_level = 'info'
402 if confidence > 0.7:
403 alert_level = 'warning'
404

405 # Upgrade alert level for high coherence or
Rydberg-reactive signals

406 if ((coherence_rating in ['HIGH', 'VERY_HIGH']
and confidence > 0.6) or

407 (signature.get('rydberg_reactive', {}).get('
detected', False) and

408 signature.get('rydberg_reactive', {}).get('
significance') == 'HIGH')):

409 alert_level = 'critical'
410

411 vis_data = {
412 'detection_type': 'MWFL',
413 'mwfl_type': mwfl_type,
414 'modulation_type': modulation_type,
415 'confidence': float(confidence),
416 'highlight_regions': highlight_regions,
417 'display_text': display_text,
418 'alert_level': alert_level,
419 'rydberg_reactive': signature.get('

rydberg_reactive', {}).get('detected',
False),

420 'aotf_artifacts': signature.get('
aotf_artifacts', {}).get('detected', False
)

421 }
422

423 # Add coherence analysis data if available
424 if 'coherence_analysis' in signature:
425 vis_data['coherence'] = {
426 'rating': signature['coherence_analysis'].

get('coherence_rating', 'UNKNOWN'),
427 'value': float(signature['

coherence_analysis'].get('
coherence_density', 0.0))

428 }
429

430 return vis_data
431

432

433 if __name__ == "__main__":
434 # Example usage and test for the MWFL detector
435 import matplotlib.pyplot as plt
436

437 def generate_test_signal(sample_rate=2e6,
duration=1.0, mwfl_type='standard', snr_db
=10):

438 """Generate a synthetic test signal with MWFL
characteristics"""

439 t = np.arange(0, duration, 1/sample_rate)
440 n_samples = len(t)
441

442 # Base noise
443 signal = np.random.normal(0, 1, n_samples)
444

445 # Add MWFL peaks based on type
446 spacings = {
447 'narrow_band': 1.5e12,
448 'standard': 3.0e12,
449 'wide_band': 6.0e12
450 }
451

452 # Convert to baseband equivalent for
simulation

453 spacing_hz = spacings.get(mwfl_type, 3.0e12) /
1000 # Scale down for simulation

454

455 # Create peaks
456 num_peaks = 4
457 center_freq = sample_rate / 4
458

459 for i in range(num_peaks):
460 peak_freq = center_freq + i * spacing_hz

461 if peak_freq < sample_rate/2: # Ensure
within Nyquist

462 peak_amp = 10**(snr_db/20) # Convert SNR
to amplitude

463 signal += peak_amp * np.sin(2 * np.pi *
peak_freq * t)

464

465 # Add sidebands for realism
466 sideband_amp = peak_amp * 0.3
467 sideband_offset = 50e3 # 50 kHz
468 signal += sideband_amp * np.sin(2 * np.

pi * (peak_freq + sideband_offset) *
t)

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

470

471 return signal
472

473 # Generate and test each MWFL type with enhanced
detection

474 sample_rate = 2e6
475 duration = 1.0
476

477 for mwfl_type in ['narrow_band', 'standard', '
wide_band']:

478 print(f"\n===== Testing {mwfl_type} MWFL
detection: =====")

479 test_signal = generate_test_signal(sample_rate,
duration, mwfl_type, snr_db=15)

480

481 # Run enhanced detection with all features
enabled

482 result = detect_kW_laser_signature(
483 test_signal,
484 sample_rate=sample_rate,
485 threshold_db=-30,
486 harmonics_check=True,
487 check_rydberg_reactive=True,
488 check_coherence_density=True
489 )
490

491 if result:
492 print(f"[+] MWFL Detected!")
493 print(f" Type: {result.get('mwfl_type', '

unknown')}")
494 print(f" Confidence: {result.get('

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

max_power_dBm', 0):.1f} dBm")
496 print(f" Sideband count: {result.get('

sideband_count', 0)}")
497

498 if 'modulation_type' in result:
499 print(f" Modulation: {result.get('

modulation_type')}")
500

501 # Show Rydberg-reactive results if
available

502 if 'rydberg_reactive' in result and result[
'rydberg_reactive'].get('detected',
False):

503 print(f" Rydberg-reactive: YES")
504 print(f" Type: {result['rydberg_reactive

'].get('type', 'unknown')}")
505 print(f" Match quality: {result['

rydberg_reactive'].get('
match_quality', 0):.2f}")

506 print(f" Significance: {result['
rydberg_reactive'].get('significance
', 'UNKNOWN')}")

507 else:
508 print(f" Rydberg-reactive: NO")
509

510 # Show AOTF artifact detection if available
511 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):.2f}")

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')}")
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 freqs, psd = welch(test_signal, fs=sample_rate,

nperseg=1024)
537 psd_db = 10 * np.log10(psd + 1e-12)
538 plt.plot(freqs, 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 if any
546 if result and 'peak_freqs' in result:
547 for peak_freq in result['peak_freqs']:
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/1e3:.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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