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An RF-based Tactile Feedback System with Electronic Whistle
Detection for Deaf and Hard-of-Hearing Athletes

Myeongjun Kim*!, Donggeon Lee*’, and Jo Woon Chong**

£ o7 49 BK2L ARl H3t7 S REAY © AREA7| 85714
AIFH FAAAFAA DA 2942 ) AFE 9 1]%% ‘?:‘0} ¥ A7 A3 (TP-2026-RS-2026-25615334)

FO

MHz RFZ 94 AF &
A 2~EL 3338 kHz U2} onset/offset 7+ 2.2 SHORT/LONGS &3}tk dAIZ Ao &
9371 HlolH+ EF ?fz é léﬂoﬂr =9 AY A5t ofd dHolHA Wi Adjoltt. Goertzel? FFTE
59 #HoZ 16 ms &S FEFFUTE ok 170 m FAIEE HC12 9.6%, ESP-01 100%%1, A3 ACK
RIT F%3HE 127217 mss} 225 369 msZ HC127} S9koy o= 54 45 Aoy 7+ o 7+ AdL
ofyth. 70 mollA AA FFS g on, HC129 o) Het An] A8 BESP-O1RT 734% 2A 2=
o Ages B T 244 a9

A% daee AR e A AAE] ofdh B d7e AAfE ¥ A& EF9 HC12 433
% A

4%—3}% Z3d TR EES —_;L?EO}I ESP-01 27 Wi-Fig} vlwstsict A|¢t

_L_lﬁtﬁﬂ
&
_L4

Abstract

Deaf athletes may not perceive a referee's whistle in time. This study implemented a prototype that detects
electronic-whistle sounds and relays events over an HC-12 433 MHz RF link to a remote vibration device, using
ESP-01 Wi-Fi as a baseline. The system classified whistles as SHORT or LONG using 3.3-3.8 kHz band energy and
onset/offset rules. All 93 threshold-setting samples matched the rules; this was a dataset-internal result, not
independent accuracy. Goertzel and FFT produced identical decisions within a 16 ms hop. Across 1-70 m, packet
reception was 99.6% for HC-12 and 100% for ESP-01; median successful-ACK RTT was 127.217 and 225.369 ms,
respectively. This RTT is not tactile end-to-end latency. Vibration was confirmed at 70 m, and estimated average
power was 73.4% lower for HC-12. Results are limited to these implementations.
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Study Input and feedback

Reported scope

Sultana (2019) [5] Whistle-related tactile alert

Waterproof prototype; detailed methods not verifiable from the

accessible source

Molina and Zapata (2024) [6]] Button input, Wi-Fi vibration

Remote vibration demonstrated; no acoustic detection or
quantitative link evaluation

Shitara et al. (2024) [23]

Manual trigger; haptic start cue |User-based haptic-start evaluation; not a whistie-alert system

Elvitigala et al. (2016) [24]

Timing system; visual start cues

Visual-start prototype; no tactile or whistle detection

Whistle audio; RF vibration

Proposed system

Acoustic and link tests; no independent or user evaluation
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a2 1. Mek RF M1 Wi-Fi Bl

HC-12 RF Link
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Station/SoftAP CRC - Deduplication
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Fig. 1. Tactile-event delivery architecture of the proposed RF and Wi-Fi baseline configurations
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Table 2. Main hardware components and interfaces of the
system

Component Role and configuration
External input source for controlled
acoustic input
24-bit 12S digital PCM acquisition
STM32F411RET6-based controller;
four boards used for RF/Wi-Fi TX
and RX
433 MHz RF event delivery using
FU3/P4/C001/B9600
AT firmware, SoftAP/Station, UDP,
and AT+RFPOWER=40
SHORT 300 ms and LONG 1,000
ms based on the PBO command
PCM analysis, test control, and
raw UART log storage

Electronic whistle

INMP441

NUCLEO-F411RE

HC-12 (n=2)

ESP-01 (n=2)

Vibration motor driver

PC/Python
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Table 3. Dataset composition
Capture o
Class |Samples length Composition
Electronic-whistle input;
SHORT| 31 0512 s 1=10, D2=11. D310
Electronic-whistle input;
LONG | 31 | 2048 s 1=10, D2=11, D3=10
0512 / Background noise, speech,
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2048 s o
non-whistle inputs
Threshold selection and
Total % internal behavior check
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Table 4. Whistle-detection parameters for stored-PCM
analysis and STM32 real-time implementation

Stored-PCM STM32 real-time
Parameter . . .
analysis (Python) | implementation
Nominal 16 kHz
Sampling frequency | Nominal 16 kHz | (12S calculated:
15.957 kHz)

Frame / hop size

512 | 256 samples|51

2 | 256 samples

Frequency analysis FFT Goertzel
Bins 106-121
Target band 3.3-38 kHz (33-38 KkH2)
Band-eneray fato | o\ ond > 055 | R band > 055
threshold
Band-RMS threshold| B_band > 100 | B_band > 100

Onset confirmation

2 consecutive
active frames;
first frame used
as onset

2 consecutive
active frames; first
frame used as
onset

Event termination

15 consecutive
inactive frames
(240 ms)

15 consecutive
inactive frames
(240 ms)

Offset position

End of the last
active frame

End of the last
active frame

M|n|mum valid 160 ms 160 ms
duration
SHORT 016s <D< | 016s <D<
classification 1.00 s 1.00 s
LONG classification 1.00 s 1.00 s
Refractory interval Not applied 250 ms
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o2 XA3}1 USART6 PAII/PAI2SE AZAZoH
PA8S SET A& ARESIHTE F T49 MCU-E
& UARTE E5F 9600 bit/ssd o, HC-12& &9
UART, ESP-01-> AT % 7|4t UDPE AR&-3}th
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A8 e CRC-16/CCITT-FALSEE %713t OXFFFF
o} Tk 0x1021= A8k bodye] ASCII H}o|E
et AXEATE *E= body?t CRCE  T-E3hH,
CRCE= ¥l 2 1675 #A= HFst CRLFE
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HES APsIATh ACKE ZHY AZ 2 oHlE

AY F 4PE RIT 248 Sla) Hasdc
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<body> * <CRC16> \r\n

Body *
Variable-length ASCII

CRC16

4 hexadecimal characters

CRC-16/CCITT-FALSE

CRC coverage: body bytes only init OxFFFF, poly 0x1021

agl 2. RFWI-Fi &8
Fig. 2. Common RF/Wi-Fi event frame

OHIE =z
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Wi-Fi Hla 74L& 54 285
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F24 192.168.4.12] UDP EE 500004 o|HIEZS <
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AT+CIPSEND, > ZEXE. payload ¥ SEND OK
AAE A48, 4241 payload= +IPD Z0] HRE
7102 FEEAT. mebA ESP01 FEole
UART A% 9o AT 393 UDP A Ax7p =
e AT

Ag] AlgollA $AIREE= 5V USB 2,200mAh

N EN

#* 5. Mot RF
U AlE =2

A= L =)
FRR= R EE

M3 Wi-Fi B

Table 5. Common protocol and test conditions for the
proposed RF and Wi-Fi baseline configurations

Parameter Proposed RF Wi-Fi baseline
Two Two
Controller NUCLEO-F411RE | NUCLEO-F411RE
boards boards
Communication Two HC-12 modules Two ESP-01
module modules
Wireless FU3/P4/CO01,  |SoftAP/Station, UDP,
setting 433 MHz RFPOWER=40
MCU interface | USARTS, 9600 bit/s | USART6, 9600 bit/s
Event frame EVT body + Same common
CRC-16 + CRILF frame

Qutdoor 1/10/30/50/70

Outdoor 1/10/30/50/70

Automated |m: 5 warm-up + 50{m: 5 warm-up + 50
communication | measured; indoor 1 | measured; indoor 1
test m: 5 warm-up + 50|m: 5 warm-up + 50
measured measured
Integrated 70 m; 10 SHORT | 70 m; 10 SHORT
) and 10 LONG and 10 LONG
whistle test
events events
Motor SHORT 300 ms / | SHORT 300 ms /
command LONG 1,000 ms LONG 1,000 ms

Power source

TX power bank /
RX laptop USB

TX power bank /
RX laptop USB

2 A A

APt &E

o

EEL: AR o
WUz 5038 A4
S 1,500 ms, ACK E}Y
}Jdﬂ

78]

HORT/LONG &

B 294 e
APE gt ok
19, Ag-F3 508 shie =
oA A4 Taﬂo}"ﬂt}

A 1 molM=E €3

>
e

okl 1, 10, 30, 50
o 2t 2764 4

Jol-2 1,000 ms$
Aol T

BHe

H A 589k =4 503

g +ysat A% BA AP ok 50047 A
U 100402 74381 dde S48 TR,
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qg 7oz sl 110 mWE A
HC-2E FU3 RE9 Hi 52 AF 16 mAE =
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2 (1) oMIED $A FE AMUA B,
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Table 6. Component-level inputs for datasheet-based
power consumption estimation

Proposed| Wi-Fi

Component RE baseline Estimation condition
Two
NUCLEO-F4| 812 mw| 812 mw | ST LDO. and
power LED included
11RE
33V, 22 mA
INMP441 | 11.0 mW| 11.0 mW| converted to 5 V
input basis
Two 600 HC-12 FU3 /
communication mW 905.0 mW/|representative ESP-01
modules current
5V, 60 mA
mggfrag\?ver ﬁ\if 1625 mW| 5 events/min; 50%
P LONG
Transmission RF 13.08 mJ/event;
increment 109 mW} 019 mW Wi-Fi 2.28 mJ/event

B sge) 242 A89)

bl
RF 1.09 mW, Wi-Fi 0.19 mWZ

,utola, BAl RE HE H A9 ¢
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7 LONGY| H4& A& AZE Atolell& 736 ms| &
g F7ro] ¥AE 3, SHORT/LONG H57 A
1.00 s ©] T3t kol A3}t
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Table 7. Dataset-internal detection and duration results

45 % A% Al 2

Assigned Valid Rule Median duration
Samples
class events |agreement (range), ms
SHORT | 31 31 31/31 272 (192-416)
LONG 31 31 31/31 1,440 (1,152-1,824)
NON 31 0 31/31 No valid event
Total 93 62 93/93 | Dataset-internal result
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(a) Whistle and non-whistle feature separation
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(b) Duration-based SHORT/LONG classification
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Fig. 3. Acoustic features and duration distribution of the dataset
(a) Target-band energy ratio and band RMS metric (o) SHORT/LONG duration and the 1.00 s operational threshold
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FFTS} Goertzel > HIoJE 937]¢] oHIE AZE %
e~ #43 F 627 ey T4 ofF #A
oA RF 5d3 AnE HoH, AE A& A7t
9] Aol 0 msHY. R, ;2 Pearson FTATE ¢
> 0.9999, B¢ Ao xk= 9F 6.08x107-70] Tt
2HEH A4k AZFS Goertzel 9.203 ms, FFT
2207 msE FFT7F oF 4.17v) Wk, Ax B4 3
Z AZ7HE 9788 ms$} 3.144 msE FFT7} 67.9% %
gt F O OER 16 ms §2 FEFoH
Goertzel & 6212 ms®] A2 & FR}HUT 1
2 483 JAHHE nggdst 219 207) 9w A
EoA B AolE2 7 ¢ugF WdllA 2T F

SR

I 8. Goertzel=} CMSIS-DSP FFT2| STM32 Alsl A7t
2 2! RAM H|1

Table 8. STM32 execution time and working RAM
comparison of Goertzel and CMSIS-DSP FFT

Spectral | Full feature .
Algorithm |computation,| extraction, ‘BT”S .hop Working
utilization | RAM

cycles (ms) | cycles (ms)

147,249 156,603 o Approx.

Goerzel | oxe | @788 | %' | 68
CMSIS-| 35311 50,310 1979 ADPIOX.
DSP FFT|  (2.207) (3.144) "7 44% B

F4 2 RAMS Goertzel 256 B, FFT 4,496 B
Z Goertzelo] 943% AL 5 WHE A9st

FFT HolE 4992 Be Z#Alol vixetat). A
RAM F47+ 80,916 B(61.7%)%} 85,156 B(65.0%)
2 BT 128 KB 3= YAl AFol& 33%pAth o
ZH4 RAM ol & AEl9] A|efo] ofym, FFT
= A2l A7 Goertzel> &% RAM ZHoNA ]
stk Axk= E 8ol AAEA

42 HC-12 RF & ESP-01 Wi-Fi & 74 d|

42.1 ok 1-70 m A5 B4l A3

d

oflel| A T 25035 HE3 A 3f F2l

S HC-12 RF 249/250(99.6%), ESP-01 Wi-Fi
250/250(100%) 311, ACK e Edpdy
245/250(98.0%) 2} 249/250(99.6%) ATk, FA1H o[HIE
9] Ho|2E9} AA BH ZFo] YAl Al ol
E 7)E Agss 25 AYPES ZF 100%H oM,

A oMIE 7|E HE 4 EYES HC-12 RF
99.6%S}F ESP-01 Wi-Fi 100%33th. A2/ oHlE 4
Al ACK 4% % RTT A3 & 990 AT

AE ACKY RTT FY#-2 HC-12 RF 127217
ms(n=239), ESP-01 Wi-Fi 225.369 ms(n=249), P95=
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Table 9. Outdoor event delivery and ACK RTT results by distance

Link  |Distance (m)| Received/sent| ACK/sent | Valid RTT, n P50 (ms) P95 (ms) Jitter (ms)
RF 1 50/50 50/50 50 125.200 129.188 3.988
RF 10 50/50 50/50 50 127.221 129.187 1.966
RF 30 50/50 50/50 50 127.201 129.187 1.986
RF 50 49/50 4550 39 127.215 129.187 1972
RF 70 50/50 50/50 50 127.226 130.212 2.986
Wi-Fi 1 50/50 50/50 50 245273 393227 147954
Wi-Fi 10 50/50 50/50 50 226.243 242.276 16.033
Wi-Fi 30 50/50 50/50 50 225.245 233.276 8.031
Wi-Fi 50 50/50 50/50 50 225.243 233.290 8.047
Wi-Fi 70 50/50 49/50 49 228.255 257.337 29.082
(a) ACK round-trip latency (b) Event reception and ACK success
wiy Ta- RFPSS 8- WP m
350 \\\ ”
300 “\\ _®
£ A - %
E* -\\! """""""" §oc=c===—= = Saul 1 g ™
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P95, (b) OIHIE 48 3 ACK M3 E

=

Fig. 4. Qutdoor communication performance of HC-12 RF and ESP-01 Wi-Fi by distance:
(@) median and P95 RTT for successful ACKs, (b) event reception and ACK success rates
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Table 10. Indoor 1 m controlled-test results
Frame| P50 P95
errors| (ms) | (ms)
50/50 0 [126.206|128.195

5050 | 0 |234.757]409.283

Jitter
(ms)
1.989

174.531

Received
[sent

RF | 50/50
Wi-Fi| 50/50

Link ACK/sent

43 70 m HAt2ls S Al
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Table 11. Functional results of the 70 m electronic-whistle
integrated test
Metric RF Wi-Fi
Initial planned-test detections 19/20 20/20
Analysis set 20 20
Duration-rule agreement 20/20 20/20
Physical motor vibration 20/20 20120
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Table 12. Estimated average power consumption of the

proposed RF and Wi-Fi baseline configurations
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