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Abstract In recent years, WiFi-based sensing technology has been extensively studied with the
goal of providing more convenient and intelligent services for human-centric applications. By le-
veraging the fine-grained channel variations embedded in WiFi signals, numerous approaches have
demonstrated the feasibility of performing tasks such as gait recognition, gesture recognition,
and activity recognition without requiring users to carry additional devices. Most of these tech-
niques rely on the availability of continuous and uniformly sampled sensing data, particularly
Channel State Information (CSI), which captures detailed amplitude and phase variations of wire-
less channels. Stable and dense CSI sampling is generally regarded as a fundamental prerequisite
for accurate feature extraction and reliable sensing performance. However, in real-world deploy-

ments, this assumption is often difficult to satisfy. Due to the competitive access nature of WiFi
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channels and the randomness of communication traffic, CSI measurements are inherently irregu-
lar and dependent on packet transmission behaviors. Since sensing systems passively collect CSI
from communication packets, low traffic loads or bursty transmissions frequently result in low
sampling rates and uneven sampling intervals. Such sparse and non-uniform CSI sequences dis-
rupt temporal continuity, distort motion-related channel dynamics, and ultimately degrade sys-
tem performance. These issues pose significant challenges to the practical deployment of WiFi-
based sensing systems in realistic environments. Traditional interpolation methods, including lin-
ear and spline-based approaches, can partially alleviate the problem of insufficient sampling.
Nevertheless, these deterministic techniques typically assume smooth transitions between adja-
cent samples and lack the ability to model complex nonlinear channel variations induced by human
motion. As a result, they often suffer from signal detail loss, oversmoothing effects, and cumu-
lative reconstruction errors, particularly under extremely low sampling rates. Consequently,
subtle micro-movements and high-frequency components critical for fine-grained sensing cannot
be effectively preserved. To address these limitations, this paper proposes CSI-GAN, a WiFi sig-
nal sparse recovery scheme designed to reconstruct sufficient and continuous sensing data from
sparse and non-uniformly sampled CSI. Inspired by the success of image restoration techniques,
we innovatively improve the Generative Adversarial Network (GAN) framework to better adapt
to the recovery requirements of WiFi sensing signals. Considering the fundamental differences be-
tween CSI and image data representations, CSI-GAN directly processes raw CSI waveforms in the
time domain instead of converting them into image-like formats. This design avoids potential
spectral damage caused by frequency-domain transformations and enables more faithful recovery
of continuous channel variations. To further enhance reconstruction quality, we introduce a novel
denoising strategy to suppress hardware noise and environmental interference before recovery. In
addition, constraints are imposed in both time and frequency domains to jointly optimize low-level
structural features and high-frequency information of the signal. The time-domain constraint en-
sures waveform continuity and temporal consistency, while the frequency-domain constraint pre-
serves detailed spectral characteristics associated with fine-grained human motion. Extensive ex-
perimental results demonstrate that even under extremely low sampling conditions, such as re-
ceiving only 10 packets per second, CSI-GAN can accurately recover CSI signals with high fideli-
ty. When applied to practical tasks including gait recognition, gesture recognition, and activity
recognition, CSI-GAN achieves at least 16. 4% improvement in accuracy compared with tradition-
al interpolation methods and state-of-the-art GAN-based approaches. These results validate the
robustness and effectiveness of CSI-GAN, highlighting its strong potential for real-world WiFi
sensing applications under sparse and irregular sampling scenarios.

Keywords  WiFi-based sensing; channel state information; sparse data; generative adversarial

network; non-uniform sampling
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DBSCAN) J i 5 AGC #1565 19 56 5 43 A 25 J
P AT RS AR B S B i de 2 (AR O 3E i
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o H bR S A A B AR B B A 5 SRR AT 6T
Lt s DA AE 5 2E AR 32 i A B H i o k. AR AT
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B3, e MR 3% S A — B R (R 5 T

WA 7 Ca) s FATTR T IR BE A R 22 ) 4%
MRy A R A 1 Tl 2R A, HG b A0 1 R R 2 B
(Residual Blocks) . %% 2 iy 5| AL RE 0 2% il I
J3E ) 24 e A0 B2 T 2R (0] AT, 348 AT DA 4 5 A8E AR 0] A
CST Xl B i 25 $E AR 2 HUBE . Ffl1 2% SRGAN
BIBET AN B 90X 9 IR 64 AN ERAE Y
GRUZ X RSl 3 CST E 4 Hh (4 5 38 4% 4iE L 7]
WD 280 e S I RCR . AR Rt EIH 1k
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W B RE S A RO BIE 5 10 B AR 5 L 1 £ A2
M5 S e 0 5 R 55 R AL, 5 29 I8 10
ST G5 G GAN AR H) 1 &5 42 41k 1 43 1 G (5 5
AT FRATTHAN S| A By B 38 2 3R fE i 15 4% 51 S A
K B A B B 3 8 P R A 25 4 L X 6T CST X
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W Ah o 25 B S S i A K Bl 5 L ARy, R 0
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FI ) &5 1 45 2K eR (L O
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PRI AT T8 280 F) 8 A 45 2 o A
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6 RREINFSEI

A SC Y SE T el 58 8 GAN BRI 350k &2
i it S S AEL AT ] A G 3 i 1) P 3 S 4R A2 S 1)
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FH T — 86 C A Y 0 SRR R AR A, o BRI
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1™ 4% (Long Short-Term Memory, LSTM), DI {#
5 T SR R A 25 Y 50 4 45 gk AT R RS AL
PR 7 SR 0 2 B A v, FRATTAR R S 1Y
CST B Az Jl 0T Dz By i -5 3% 141 o I K5 FAR b il A 2
A R BRUSERY DL AT R AR S BBORIT: 55 4326 .
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FERNAE 55, ATR A H W 2D CNN 5
LSTM ZH & 454 : 2D CNN FH T M Az 5 A il 48 13 [
Hh A BRI AE O 38 ek e Tt Ak J2 3R A5 3
FUE M RFIE 2 5 BT 5 o8 CNIN Hin HR 19 1 ] 3 51 46
TAE 22 I 8] J8 T )5 4 AR LSTM, L4 35 85 1 i) 1 K
WK R . R G TR B 5 b 9k 2 R AL IF
REMGIE FL 2 Fp CSTRANT 55 . 7E 2R B, TRATTR
FH WS B 2% 21 07 =X, D38 SO 2k SR A4k B bR, )
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CEAEERZE S LSTM D) H 58 o b5 fE S ) 1% #%
VLA R . AR SE I 0 AT LM S A T IR
VBT G 2 AE AR R R I 25 4 BB AT N, DR A6 JR R
CSI 5 & J5 () CSL b 43 5l PP Al PE g . L 4k CSI-
GAN X R R BT 55 0 42 FHFR . 76 4 BB B
AT ek A BT CSI Hr A CSI-GAN 453 31 HAK & i
A, B 5 KR S R B 1 A T E 2D
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BEGFIE SR G, 762 S5, AT
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Tool ™™, I #E i A/ Wa P A 20T i AT CST B e 2
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AL A5 N R A GAN #17 BRI

H T AL & DB PERE  FRAT TR T =AM &
B B R AR P 3 4856 152 22 (Mean Absolute Error,
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1R s RN R AT 1Y 5T A

anax
Ho, Y, A5 5 B EOR AT RE(E GX L 1), MSE

Y TR,
7.4 EBRERE
TESZI h, FRATT X e TR ) A K B R TR B
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Background

This paper focuses on the field of WiFi-based sensing,
especially on the reconstruction of sparse and non-uniform
channel state information (CSI) sequences in actual commu-
nication scenarios, to make WiFi sensing data sufficient and
uniform.

With the rapid development of human activity recogni-
tion, gait identification, respiration monitoring, and other
sensing applications based on commodity WiFi devices, CSI
has emerged as a cost-effective and privacy-preserving alter-
native to camera-or wearable-based sensing systems. Howev-
er, in real-world deployments, CSI can only be acquired dur-
ing active data transmission. and the contention-based nature
of WiFi results in irregular frame arrivals. Consequently,
CSI measurements are often sparse and non-uniformly sam-
pled, significantly degrading the temporal resolution and ac-
curacy of downstream sensing tasks.

Several solutions have already been proposed to address
missing CSI data, such as linear interpolation, spline inter-
polation, and model-based estimation methods. While these
techniques can partially reconstruct missing samples, they
often fail to capture complex temporal variations in dynamic
environments, and may introduce artifacts when dealing with
rapid signal changes. Internationally. research in WiFi sens-
ing has primarily focused on improving feature extraction and
recognition algorithms under the assumption of continuous
CSI availability, while high-fidelity reconstruction of missing

CSI data remains relatively underexplored.

and intelligent sensing.
YANG Pan-Long, Ph. D., professor. His research in-
terests include Internet of Things, wireless networks, and

intelligent sensing.

This paper proposes CSI-GAN, a Generative Adversari-
al Network-based framework for reconstructing continuous
CSI waveforms from sparse and non-uniform samples. Un-
like traditional interpolation methods, CSI-GAN directly op-
erates on raw CSI sequences and integrates a frequency-do-
main loss based on the Short-Time Fourier Transform
(STFT) to preserve fine spectral details. In addition, a de-
noising mechanism is introduced to suppress noise-induced
distortions during reconstruction. By jointly learning tempo-
ral and spectral characteristics, the proposed method signifi-
cantly improves the quality of recovered CSI, enabling more
accurate Doppler spectrum analysis and downstream sensing
performance.

Experimental evaluations on both public datasets
(Widar3. 0) and our self-collected datasets (OurGait and Ou-
rActivity) demonstrate that CSI-GAN consistently outper-
forms conventional interpolation approaches and the latest
GAN-based method across various packet rates and motion
conditions. This advancement narrows the gap between ideal
and practical CSI acquisition, and extends the applicability of
WiFi sensing to low-traffic and highly dynamic scenarios.
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