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What is TorchSige m

« Dataset Generation
« Signal modulators
« Analog RF impairments and ML transforms

* ML Models

* Pre-trained
* Make your own

e Tutorial notebooks

» gr-spectrumdetect. GR block for spectrogram energy
detection

Infro
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Repository Breakouts

* forchsig
« gr-spectrumdetect
e Otherse

~ | ) TorchDSP - GitHub
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o Platform ~ Solutions ~ Resources ~ Open Source ~ Enterprise ~  Pricing Search or jump to...
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torchsig Public torchdsp.github.io
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Prior Work

e Radio Frequency Wideband Signal Detection & Recognition

TorchSig: A GNU Radio Block and New Spectrogram Tools for Augmenting
ML Training

Large Scale Radio Frequency Signal Classification
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Existing datasets used to train deep learning mod
els for narrowband radio frequency (RF) signal
classification lack enough diversity in signal t
and channel impairments to sufficiently assess
model performance in the real world. We intro.
duce the Sig53 dataset consisting of 5 million
synthetically-generated samples from 53 different
al classes and expertly chosen impairments.

also introduce TorchSig, a signals process
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concentrated on the task of narrowband signal classification after the signals of generate this dataset. TorchSig incorporates data
e already been detected and extracted from a wideband capture. To handling principles that are common to the vision i o
broader research with wideband operations, we introduce the Wideband. domain, and it is meant to serve as an open-source Figure 1. In this "'f"k- we introduce the SigS3 modulated signals

. L sigs? |
3 '| Dataset
which uses a TorchSi f cti o odutation
5 s ‘{ Recognition
als in real-ti

en
GNU Radio out

GRCon 2024 | Arxiv 2022: Arxiv 2022:
https://events.gnurad https://arxiv.org/abs/ hitps://arxiv.org/abs/

o.org/event/24/contri 2911.10335 2207.09918
butions/628/ l ;




Prior Work

M. Carrick. TorchSig: A GNU Radio Block & New Tools for Augmenting ML Training
with Real World Data

fueston? | — GRCon 2024
A s https://www.youtube.com/watch
ev=pPrHAW|gké6M

C Ol 03] GRCon23 - Updates to TorchSig An Open Source Signal Processing ML Toolkit - by
S Garrett Vanhoy

GRCon 2023:
https://www.youtube.com/watch

ev=20BGBab60Og2c

GRCon22 - Open-Source Large Scale RFML Dataset, Toolkit, Models - by Luke Boegner

GRCon 2022:
https://www.youtube.com/watch
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Recent Releases m

v0.6 (Oct 24). AM, FM, Chirp SS, LFM signals
v0.6.1(Jan 24): Improved notebook tutorials, bug fixes
v1.0 (Mar 25): A near “from scratch” rewrite

v1.1 (Apr 25): Speed improvements, bug fixes

v2.0 (Sep 25): Analog RF impairments, Custom Datasets, NB/WB
dataset unification

Infro



Signal Modulators

OFDM:

Constellations:

OOK, BPSK, QPSK

4-ASK, 8-ASK, 16-ASK, 32-ASK, 64-ASK
4-PSK, 8-PSK, 16-PSK, 32-PSK, 64-PSK
16-QAM, 32-QAM, 32-QAM Cross, 64-QAM
128-QAM, 256-QAM, 512-QAM, 1024-QAM

 2.FSK, 4-FSK, 8-FSK, 16-FSK

2-GFSK, 4-GFSK, 8-GFSK, 16-GFSK
2-MSK, 4-MSK, 8-MSK, 16-MSK
2-GMSK, 4-GMSK, 8-GMSK, 16-GMSK

Features

64-OFDM, 72-OFDM, 128-OFDM, 180-
OFDM, 256-OFDM 300-OFDM, 512-
OFDM, 600-OFDM, 900-OFDM, 1024-
OFDM, 1200-OFDM, 2048-OFDM

Analog AM/FM:

AM-DSB-SC, AM-DSB, AM-LSB, AM-USB
FM
Chirp-based:

Linear Frequency Modulated (LFM)

Radar, LFM Data

Chirp Spread Spectrum
Unmodulated Carrier/Tone:

Tone



Dataset Generation AVA

 Datasets are collections of IQ and their associated
metadata

« |Q is stored in a NumPy array

 Metadata includes sample rate, signal bandwidths, signal
center frequencies and others

« Datasets can be generated synthetically or with externally
generated data (v2.0 only)

Features



Transforms m

« Two categories of transforms:
« Analog RF impairments
* ML Transforms

* Analog RF Impairments:
« Applies simulated real-world RF hardware effects
« Examples: nonlinear amplifier compression, phase noise, |IQ imbalance

* ML transforms:
* Prepare and condition data for improved ML performance
« Examples: | &Q swap, time reversal, drop samples

10

Features



ML Models AVA

- Pre-trained Models:
* gr-spectrumdetect/examples/trained model download.sh

« 11s.pt: YOLOvVI1I for energy detection on wideband
spectrograms
 detect.pt: YOLOVS for energy detection on wideband

spectrograms
 xcit.ckpt: XCIiT model trained for narrowband mod-rec

« Ability to train custom models on synthetic or custom
datasets (2.0 only)

11
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gr-specfrumdetect

 GNU Radio Flowgraph and block
* Energy detection in specftrogram

* Modulation recognition (improvements u

development

Options

Output Language: Pyt
Generate Options: QT GUI
Realtime Scheduling: Off

command|

UHD: USRP Source
Device Arguments: ad...6

Clock Rate (Hz): 2

Samp rate (Sps)

ChO0: Center Freq (Hz): 2.442G
Ch0: AGC: ult

ChO: Gain Valu

ChO0: Gain Type:

ChO: Antenna: R

Variable

Stream to Vector

Variable Variable

1D: traines 1D: IP_INFO

Value: Value: addr=192 168,

specDetect
centerFrequency: 2.442G

trainedWidebandModel: 1
trainedNarrowbandMod

agnosticNms: False

maxDet:
writeLabeledWBImages: False
writeWBImages: Falst
writeWBIQFik als
writeNBIQFile: False
gpuDevic

gpuHalf: True

detect)son: Fal
whbDetectOnly: True

naer



r-spectrumdetect

Options Variable Variable Variable
Title: Not titled yet

ID: sampleRate ID: centerFrequency 1D: nfit 1D:

Variable Variable Variable
vectorsize 1D: trainedModel 1D: IP_INFO

Output Language: Fython Value: 50M Value: 2.442G Value: 1.024k | | Value: 1.04858M | | Value: detect.pt | | Value: addr=192.168.10.2

Generate Options: OT GUI
Realtime Scheduling: Off

UHD: USRP Source
Device Arguments: ad...8.10.2
Sync: PC Clock on Next PPS

fRock Mmts (Hz]: Hz Stream to Vector
Samp rate (Sps): 50M

Chd: Center Freq (Hz): 2.442G
Chd: AGC: Default

Ch: Gain Value: 700m

Ch0: Gain Type: Normalized
ChO: Antenna: RX2

You likely need to customize this block

specDetect
centerFrequency: 2.4426G
sampleRate: 50
vectorSize: 1.0
nfft: 1.024k spectrumPlot
trainedWidebandMedel: 11s.pt "'-.- e saveSpectrum: Fals
trainedNarrowbandModel: xcit.ckp...kpt
augment: False
iou: 700m
conf: 250m
agnosticNms: False
maxDet: 300
writeLabeledWBImages: False
writeWBImages: False
writeWBIQFile: False
writeNBIQFile: False
gpubDevice: 0
gpuHalf: True
detect)son: False
whDetectOnly: True

detect pmt- ="




gr-specfrumdetect

spectrumDetect_spectrumPlot_0

st: 1755181895494960896(ns)

st: 1755181895494960896(ns)
fc: 5226.2(MHz)

fc: 5226.2(MHz)
st: 1755181895494960896(ns) n b-Iw.‘ O d : q p S k

fc: 5214.0(MHz)
nb_mod: gpsk

Timestamp
Center Frequency
Modulation

More fields available in JSON
(bandwidth, start/stop time, etc.)
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Tutorial Notebooks

Notebooks serve as tutorials:

« Dataset creation & customization

 Training ML model for mod-rec on IQ samples

« Training ML model for detection in spectrogram

« RNG Seeding & Dataset repeatability

« Saving and loading datasets with YAML config files
 Link fo Google Colab notebooks at the end of talk

Features

15



Tutorial Notebooks AVA

 Create and customize datasets
* examples/create dataset example.ipynb

Features



Tutorial Notebooks AVA

 Train a spectrogram energy detector model
* examples/detector example.ipynb




Tutorial Notebooks AVA

 Train an IQ-based modulation recognition model
* examples/classifier example.ipynb




TorchSig 2.0 m

New Features 1o v2.0:
« Narrowband and Wideband “unification”

« More Dataset Customization
« Controlling co-channel interference in dataset generation

« RF Analog Impairments
« Custom & External Datasets

19

Version 2.0



WB/NB Unification

Previously:
narrowband metadata = NarrowbandMetadata(..)

narrowband dataset = NewNarrowband (narrowband metadata)

« 1 Signal
« Large relative burst duration
« Large relative bandwidth
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Time (ms)

Version 2.0

20



WB/NB Unification

Previously:
wideband_metadata

wideband dataset

« Many signals

« Small relative burst duration
« Small relative bandwidth

WidebandMetadata (...)

NewWideband (wideband metadata)
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Version 2.0
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WB/NB Unification AVA

Now in 2.0:
dataset metadata = DatasetMetadata(..)
iterable dataset = TorchSiglIterableDataset (dataset metadata)

« Customizable number of signals, burst duration, bandwidth, etc.

« Narrowband and Wideband-like datasets can be reproduced with YAML configs:
* torchsig/datasets/default configs/narrowband defaults.yaml
* torchsig/datasets/default configs/wideband defaults.yaml

22

Version 2.0



Dataset Customization

Range for number of signals in Range for the bandwidth:

spectrogram: . signal_bandwidth_min

* num_signals_min . signal_bandwidth_max

« num_signals_max

Range for SNR: : :
 signal_center_freq_min

« snr_db_min :
« signal_center_freg_max

« snr_db_max

Range for the burst length:

« signal_duration_min

« signal_duration_max

Dataset Customization

Range for the center frequency:

VA

23



Dataset Customization

Zr;)rr:p’rlzr_ci;w:fj]ggz:.S|gnol_l|s’rs import TorchSigSignalLists Slm UICIfed BI’OOdCOST FM Chdnnels
dataset_metadata = DatasetMetadata(
sample_rate = sample_rate,
num_ig_samples_dataset = 1024**2,
fft_size = 1024,
num_signals_min = 6,
num_signals_max = 6,

snr_db_min=10,

N
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snr_db_max=30,
signal_duration_min=1.0*num_ig_samples_dataset/sample_rate,

signal_duration_max=1.0*num_ig_samples_dataset/sample_rate, ~SNR =235d8

signal_bandwidth_min=sample_rate/10,
.SNR =23.4dB
signal_bandwidth_max=sample_rate/10, 0.02

Time (s)

cochannel_overlap_probability=0,

class_list=TorchSigSignalLists.fm_signals 24

Dataset Customization



Dataset Customization

sample_rate = 10eé

dataset_metadata = DatasetMetadata(

2.4 GHz-like Congesfed Spectfrum

sample_rate = sample_rate,
num_ig_samples_dataset = 1024**2,
fft_size = 1024,

num_signals_min = 10,
num_signals_max = 10,
snr_db_min=0,

snr_db_max=50,

signal_duration_min=0.01*num_ig_samples_dataset/sample_rate,

signal_duration_max=0.5*num_ig_samples_dataset/sample_rate,

signal_bandwidth_min=sample_rate/10,
signal_bandwidth_max=sample_rate/5,

cochannel_overlap_probability=1,
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ofdm-300, SNR = 7.90fdm éHifpss) ENR =

— 16gfsk, SNR = 43.3 dB
4gfsk, SNR = 39.0 dB

0.04 0.06
Time (s)

Dataset Customization
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More Dataset Customization AVA

num signal distribution enables weighting for different numbers of signals
* num signals min = 0

* num signals max = 3

« By default, uniform distribution:

* num signals distribution = [0.25, 0.25, 0.25, 0.25]
But can change weighting as desired;

* num signals distribution = [0.1, 0.25, 0.25, 0.4]

« 10% chance for 0 signals

« 25% chance for 1 signal

« 25% chance for 2 signal

« 40% chance for 3 signals

Does not have to sum to 1 perfectly, internal algorithm will balance it ”

Dataset Customization



More Dataset Customization

« By default all 57 signals are created

« Signalsin class list are created with uniform probability
« Can be overwritten with class 1list distribution

« Determines likelihood that a specific modulation is created

 Example:

* class list = [‘bpsk’, ‘gpsk’, ‘logam’]

* class list distribution = [0.1, 0.2, 0.7]

* 10% chance for BPSK, 20% chance for QPSK, 70% chance for 16-QAM

Dataset Customization

VA
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More Dataset Customization

* class list parameter can be used to limit signals

* from torchsig.signals.signal lists import TorchSigSignallLists

.am_signals

.chirpss signals
.constellation signals
.fm signals

.fsk signals

.1fm signals

.ofdm signals

.tone signals

* class list canthen be the aggregate of multiple lists

class list = TorchSigSIgnallLists.am signals + TorchSigSIgnalLists.fm signals

« Create a custom list by hand:

class list = [‘2gmsk’, ‘32gam’, ‘ofdm-1024’, ‘4fsk’]

28

Dataset Customization



Iterable Dataset

* Previously;
for index 1n range (10) :
data, metadata = dataset[index]
 Now using an iterable dataset:
for index 1n range (10) :
data, metadata = next (dataset)

Dataset Customization

29



HDFS

« Datasets on disk now use HDF5
» Replacement for Zarr
» Should be faster for large datasets

N /1

Dataset Customization

30



Co-channel m

* cochannel overlap probability does not ensure co-
channel, but acts to prevent it

« Range is [0,1]; 0% to 100%

* Enabled when:
* More than 1 signal is generated

« When a signal is placed and has potential co-channel
intferference

* Then determines the probability that the co-channel can remain,
or if new placement is required

31

Dataset Customization



Co-channel

Attempting to place a second signal which
would cause co-channel interference

Algorithm uses RNG with
cochannel_overlap_probabilityTO
determine if signal stays

If not, then a new signal is placed elsewhere

cochannel overlap probability = 0
does not allow for co-channel, so a second
location must be found

Frequency (Hz)

cochannel overlap probability = 0

FENTAm

l
f

.Illllllll

|
EEEEEEEEEER EEER

ofdm-64, SNR = 46.7 dB

Dataset Customization
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Co-channel

Does not enforce co-channel interference

Signal is placed, and if there is no co-
channel, then it always stays

cochannel overlap probability = 1
always allows for co-channel, but it does
not force the location of the signal to cause
it

—~
I
>
()
=
)
>
o
)
(=4
(Y

cochannel overlap probability =1

ofdm-64, SNR = 46.7 dB

0.04 0.06
Time (s)

Dataset Customization
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Analog RF Impairments

Quantize, 75% PassbandRipple, 5% IQImbalance, 25%
ClockJitter, 75% CarrierPhaseNoise, 75%
ClockDrift, 75% CarrierFrequencyDrift, 75%

CarrierPhaseOffset, 100%

IntermodulationProducts, Spectrallnversion,
NonlinearAmplifier, 75% 34
Spurs, 75%

Intro Features Version 2.0 Dataset Customization RF Impairments Custom Datasets



Analog RF Impairments

IntermodulationProducts, 50% IQImbalance, 50% _ .
NonlinearAmplifier, 75% CarrierPhaseNoise, 75% PassbandRipple, /9%
CoarseGainChange, 25% CarrierFrequencyDrift, 75%

Spurs, 75% CarrierPhaseOffset, 100%

o

Quantize, 75% DigitalAGC, 25%
ClockJitter, 75% 35
ClockDrift, 75%

Intro Features Version 2.0 Dataset Customization RF Impairments Custom Datasets



Analog RF Impairments

° |eve| = O from torchsig.transforms.impairments import Impairments
o MI_ TrO nSformS impairments = Impairments(level=1)

burst impairments = impairments.signal transforms

° |eve| —_— ‘| whole signal impairments = impairments.dataset transforms

burst impairments, whole signal impairments

« Analog RF Transmit impairments e

) A | g RF R i i p i 'I' transforms=[whol : Ll-::.'::-:;,".'—:"';fft size=fft _size)],
nO O ecelve Im Olrmen S :::::r;;c:un::::wi_l tr;r::fzrms:jl::-urst impairments], | | e '
* ML transforms
dataset unimpaired = T
dataset met

* level =2
* Analog RF Transmit impairments  F
 Transmit channel models detoset_urinp
« Analog RF Receive impairments
* ML transforms

target labels=[1])

36
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Impairment Notebooks

« Explanations and examples for analog RF impairments
 examples/transforms directory

rge', loc='upper left'): Pin dB = -10 dB

QPSK with/without IQ Imbalance Impairment

5000 10000 15000 20000 25000 30000

ik h
f "‘w’f'w f

Constellation Plot

x  Phase Noise 0 5000 10000 15000

Input

T il gty i ! ] 'ﬁ.ﬁlh ‘li'L“l‘ .

Carrier Phase Noise IQ Imbalance Nonlinear Amplifier 37

RF Impairments



Custom Datasets m

* v2.0 adds an initial capabillity to read in externally
generated datasets

« Can include synthetic, lab or real-world captures

» Requires defining your own metadata:
« Sample rate?¢
 Signal center frequency?
 Signal bandwidth?e
 Signal start fime?
 Signal stop time?

38
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Custom Datasets: NPY and SigMF A\//\

* Example Notebooks:

* torchsig/examples/bring your own data npy example.ipynb
* torchsig/examples/bring your own data sigmf example.ipynb

Importing External Data into TorchSig: Bring Your Importing External Data into TorchSig: Bring Your
Own Data (BYOD) NumPy Own Data (BYOD) SigMF

e mai s f ExternalFileHandler
r’EwtemalFlleHan(ﬂe i i i r aset. ernalFileHandler ¢

39




Custom Datasets: NPY and SigMF A\//\

* Two notebooks for reading NPY and SIgMF

« How to:
« Format when writing to disk
* Write a custom file handler
« Convert into dataset with metadata
* Inferact with custom-data dataset

« Requires some user coding to operate
« Does not yet integrate with TorchSig synthetic dataset generation
« Other data formats possible when using notebbooks as guidelines

40

Custom Datasets



What's Nexte m

* Planned for v2.1+
« Joining synthetic and external datasets for joint ML training
« Updated pre-frained models

« What does the community wante

41



Questions?
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