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Tém tit: Bai bdo nay trinh bay viéc thiét ké, trién khai va xdc thuc mot hé lhéng deo
méi lg dé tang cwong gidc ngii sdu théng qua kich thich thinh gidc vong kin, khéa pha. Hé
lhéng lién tuc thu nhén tin hiéu dién ndo dé (EEG) don kénh tir vo ndo truoc tran, thuc hién
phan tich giai doan ngii trong thoi gian thiee, va cung cdp cdc kich thich thinh gidc khéa pha
dé tang cwong hoat dong séng cham (SWA). Cot 16i cia hé thong la mot Mang No-ron Tich
chdp 1D (1D-CNN) nhung, gon nhe, dé xdc dinh gidc ngu NREM Giai doan 3 (N3), theo sau
la mot thudt toan khoa pha thoi gian thuc kich hoat cdc xung nhiéu hé‘ng 50 ms dwoc déng
bé héa véi pha di én cia séng delta (0.5-4 Hz). Phan cirng bao gom mot Khoi X 1y Tin
hiéu Twong tw (AFE) céng sudt thdp dwoc thiét ké riéng va mét vi diéu khién hé tro Bluetooth
Ndng lwong thap (BLE). Mot g dung di déng di kém cung cdp chire nang diéu khién cho
nguoi ding, triec quan héa dir liéu va nhdt ky gidc ngii. Mot thie nghiém lam sang ngdu nhién,
c6 doi chitng gid (sham), va thiét ké chéo da dwoc tién hanh dé danh gid hiéu qua cia hé
thong. Két qua cho thdy s gia tang cé ¥ nghia thong ké vé cong sudt SWA va thoi gian ciia
gidc ngit N3 trong cdc dém 6 kich thich so véi cdc dém doi chitng gid, chimg t6 tinh kha thi
ciia cong nghé deo nay trong viéc tang cuong gidc ngii sau mot cach khéng xam lan.

Tir khéa: dién ndo do (EEG), gidc ngii sau, hoat dong séng chdm (SWA), kich thich vong kin,
kich thich thinh gidac, cam bién deo, hoc may, 1D-CNN

I. Pit vin dé NREM), hay con goi 1a N3, 1a nén tang
Gi4c ngu séng cham (Slow-Wave cho strc khoe con nguoi. N6 dong vai tro
Sleep - SWS), tuong tmg véi Giai doan then chot trong viéc cung co tri nhd, diéu
3 cua gidc ngu khong chuyén dong mit hoa noi tiét va duy tri sy 6n dinh cta cac
nhanh (Non-Rapid Eye Movement - khép than kinh (synaptic homeostasis)

' Khoa Pién - Bién Tir, Truong Pai hoc Mé Ha Noi



(Diekelmann and Born, 2010; Tononi and
Cirelli, 2005). Viéc thiéu hut man tinh giac
ngu sau c6 lién quan dén nguy co suy giam
nhan thuc, hdi chung chuyén hoa va bénh
tim mach, nhan manh nhu cau cap thiét vé
cac bién phap can thi¢p hi¢u qua (Mander
et al., 2017). Mic du céc loai thudc hd tro
gidc ngt ¢6 san, ching thudng di kém véi
nhimg nhugc diém dang ké, bao gdm tac
dung an than t6n duva kha niang lam thay
d6i ciu tric gidc nga ty nhién (Kripke,
2016).

Diéu nay di thic ddy su quan tim
ngdy cang ting ddi voi cac cong nghé
ting cuong gidc ngi khong xdm lan.
Trong s& d6, kich thich thinh giic vong
kin (Closed-Loop Auditory Stimulation -
CLAS) di ndi 1én nhu mot phwong thic
day hira hen (Weihs et al., 2022). Nguyén
tac ctia phuong phap nay 1a déng bo hoa
cac kich thich bén ngoai vdi cac dao dong
ndo nodi sinh dé ting cudong ching mot

cach co6 chon loc (Ngo et al., 2013). Cac
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nghién ctru nén tang da ching minh rang
viéc cung cip cac xung thinh giac ngin
dugc khoa pha vdi suon 1€n cua cac song
cham dang dién ra trong gidc nga N3 co
thé lam ting dang ké bién d6 cua ching,
ting cudng cong sudt phd trong dai delta,
va cai thién hiéu suét trong cac bai kiém
tra tri nhd (Papalambros et al., 2017;
Grasso et al., 2021; Leminen et al., 2017).

Tuy nhién, mot rao can dang ké d6i
v6i viée ap dung rong rai cong nghé nay
1a sy phu thudc vao céc thiét bi do da ky
gidc ngu (polysomnography - PSG) phirc
tap tai phong thi nghiém, von khong thuc
té cho viéc sir dung hang ngay (Debelle
et al., 2020; Ibanez et al.,” 2018). Viéc
chuyén ddi thanh cong CLAS tir mot quy
trinh trong phong thi nghiém thanh mot hé
thong thuc té, thoai mai va tu chu dé su
dung hang dém tai nha van 1a mot thach
thic ky thuat va lam sang quan trong
(Arnal et al., 2020; de Vries et al., 2023),
nhu dugc minh hoa trong Hinh 1.

(a)

(b)

Hinh 1: So d6 khai niém: Chuyén d6i tir mé hinh phong thi nghiém sang tmg dung tai nha.
(a) Hé thong PSG truyén thdng tai phong thi nghiém phtrc tap va khong thoai mai. (b) Hé

théng deo nho gon, tu chu duoc dé xuat, cho phép ting cudng gidc ngu tai nha.
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Bai bao nay giai quyét khoang
trong d6 bang cach trinh bay chi tiét qua
trinh thiét ké, trién khai va xéc thuc mot
hé théng CLAS deo, dua trén tin hiéu
EEG don kénh. Céac dong gép khoa hoc
chinh ctia chiing t6i bao gom: (1) mot nén
tang phan cing thu nho, tiéu thu cong
suat thép, duoc toi wu hoa cho viée deo
dai han; (2) mot thuat toan phan loai giéc
ngu va khoa pha dya trén Mang No-ron
Tich chap 1D (I1D-CNN) hi¢u qua, dugc
nhung hoan toan dé xur Iy thoi gian thuc
trén thiét bi (on-device); va (3) mot quy
trinh xac thyc 14m sang nghiém ngit vé
hiéu qua cua hé théng trong méi trudng
tai nha.

II. Co sé Iy thuyét va cic cong
trinh lién quan

2.1. Nguyén ly Kich thich Thinh
gidc Vong kin (CLAS)

Nguyén tic ciia CLAS 1a cung cap
mot kich thich nhip diéu bén ngoai dong
bd voi dao dong ndo noi sinh dé tang
cuong chung thong qua hién tuong 161
cubn (entrainment). Cong trinh nén tang
ciia Ngo et al. (2013) di xac dinh ring
cac kich thich thinh giac duoc dong bod
héa véi pha di 1én cua séng cham (<1 Hz)
khong chi tdng cuong Hoat dong Song
cham (SWA) ma con cai thién kha nang
cung cb tri nhd. Cac nghién ctru sau do
da xac nhan réng viéc nhdm muc tiéu vao
“pha 1€n”(up-state) ctia dao dong cham
1a hiéu qua nhat, vi ddy 1a thoi diém céc
cum no-ron than kinh d& bi anh hudéng boi
kich thich bén ngoai nhat (Papalambros
et al., 2017; Cox and Bloem, 2023; Ong
et al., 2016).

2.2. Tong quan cdc Cong ngh¢
Hién co

Cac hé théng hién ¢6 co thé duoc
phéan loai nhu sau:

Hé théng Vong hé (Open-loop):
Céc hé théng nay cung cip 4m thanh mot
cach lién tuc hodc theo lich trinh ¢6 dinh
(vi du: nhidu hong, nhiéu tring) ma khong
can phan hoi tir trang thai ndo bd. Mac du
mot s6 nghién ciru cho thay loi ich tiém
ning, hidu qua cta chung khong nhét
quén va thuong kém hon cac phuong phap
vong kin do thiéu sy dong bd hoa chinh
xac (Weihs et al., 2022; Zhou et al., 2021).

Hé thong CLAS tai Phong thi
nghiém: Day 12 tiéu chuan vang, st dung
hé théng PSG day du kénh dé thu thap dir
liéu EEG, EOG, EMG chat lugng cao.
Diéu nay cho phép phan loai giai doan ngi:
va khoa pha voi do chinh xéc cao nhung
khong phu hop dé sir dung lau dai tai nha
do su cong kénh, chi phi cao va yéu cau ky
thuat vién van hanh (Papalambros et al.,
2017; Fattinger et al., 2017).

Hé¢ thong CLAS Deo (Wearable):
Céc nd luc gﬁn day da tao ra cac thiét bi
deo nham dua cong nghé CLAS ra khoi
phong thi nghiém (Arnal et al., 2020; de
Vries et al., 2023). Tuy nhién, nhicu hé
théng van phu thudc vao dién thoai thong
minh hodc may tinh ddm may dé xu 1y dit
lidu, gay ra do tré va cac van dé vé quyén
riéng tu (Al-Kadi et al., 2021; Ferster et
al., 2022). Mot s6 khac str dung cac thuat
toan dya trén ngudng don gian dé phat
hién song cham, von kém manh mé@ va dé
bi anh hudéng bdi nhiéu so véi cac phuong
phédp hoc may hién dai (Schade et al.,
2021; Santostasi et al., 2016).
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II1. Phwong phap nghién ciu va kin, bao gdm ba tang chinh nhu trong Hinh
vat liéu 2: (1) Tang Phan cirmg Thu nhan Dit liéu,

3.1. Kién triscc Hé thong (2) Tang Phan mém Nhing va Xt 1y Tin

Kién tric hé thong dugc thiét ké dé higu, va (3) Tang Giao dién Ngudi dung
hoat dong tu chu, thoi gian thuc va khép va Quan ly Dt liu.

Ting Giao dién Ngudri ding (User Interface Layer)
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Hinh 2: So d kién tric chi tiét cua hé thong.

Ludng hoat dong cbt 156i bat dau tir
viéc thu nhan tin hi¢u EEG tho, dugc xu
1y boi mot vong 1ap kin trén Vi diéu khién
(MCU) dé xac dinh gidc nga N3 va cac
song delta, sau do kich hoat kich thich
khoa pha ma khong can sy can thiép lién
tuc tr tng dung di dong, dam bao do tré
thép va hoat dong on dinh sudt dém.

3.2. Thiét ké Phan ciing

Nguyén mau phan cimg (Hinh 3)
dugc thiét ké véi cac tidu chi khit khe vé

tinh cong thai hoc va hiéu qua nang luong.

Toan bo thiét bi o kich thudc nho gon 55
x 40 x 15 mm va trong lugng si€u nhe chi
30 gram bao gom ca pin, dam béao su thoai
mai tdi da cho nguoi dung khi deo sudt
dém. Vé mat nang luong, thiét bj duoc tbi
vu dé ¢ cong suat tiéu thy tdi thiéu, cho
phép hoat dong lién tyc trong nhiéu dém.
Khéi Thu nhén Tin hiéu (AFE):
St dung bd khuéch dai do luong
(instrumentation amplifier) INA826 voi Ty
s6 Loai bo Tin hiéu Pong pha (CMRR) cao,
theo sau lamot b loc thong dai Butterworth
béc 4 (0.5-40 Hz) dé loai boé nhiéu va thanh
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phﬁn DC. Tin hiéu sau d6 duoc sb hoa bai
mot bd chuyén doi log-to-Digital (ADC)
delta-sigma 24-bit (ADS1299) chuyén
dung cho céac tng dung y sinh.

Léi Xir Iy Trung tAm: Vi diéu khién
nRF52840 System-on-Chip (SoC) duoc
lwa chon nho sy can bang gitra hiéu ning
xu ly (161 ARM Cortex-M4 64 MHz) va
kha nang tiét kiém nang luong, dong thoi
tich hop san radio Bluetooth Ning luong
thip (BLE) 5.0 dé giao tiép khong day.

Kich thich Thinh gidc: Mot bo
chuyén d6i dan truyén qua xuong (bone
conduction transducer) dugc st dung dé

cung cép 4m thanh mot cach kin ddo va
khong xam nhap vao ng tai, giam thiéu
su kho chiu cho nguoi dung.

Ngudn va PCB: Hé thong dugc cip
ngudn boi pin Lithium-Polymer (LiPo)
200 mAh c6 thé sac lai. Mtc tiéu thu nang
luong trung binh dugc do dac 1a khoang
5.5 mA trong ché do hoat dong va giam
xudng chi con 15 pA & ché d6 ngu sau cua
vi diéu khién. Nho d6, mot 1an sac déy cho
phép thiét bi hoat dong lién tuc 1én dén 36
gi0, tuong duong 4-5 dém su dung, dap

ung tbt yéu cau st dung dai han tai nha.

INA826 Khuéch
Cam bign EEG daido lugng
(CMRR cao)

" Bolootr ”&4

Pin LiPo 200 mAh BMS

nRF52840 SoC ARM
Cortex-M 464 MHz

Bd nhé dir ligu

Hinh 3: Tong quan thiét ké phan cting.

3.3. Thudt toan Xw ly Tin hiéu va
Kich thich

Phan mém nhung thyc thi mot thuat
toan hai giai doan phutc tap nhu dugc moé
ta trong luu d6 ¢ Hinh 4.

Phan loai Gidc ngi N3 bang
1D-CNN: Dit liéu EEG tho (ldy mau &
tan s6 250 Hz) duoc tién xir Iy va chia
thanh céac ctra s6 (epoch) 30 gidy khong
chong chéo. Mdi epoch duoc dua vao
mdt moé hinh Mang No-ron Tich chap 1D
(1ID-CNN) gon nhe dé phan loai 5 giai
doan ngu (Wake, N1, N2, N3, REM).

Pé dam bao tinh tong quat, mo hinh
nay duogc huén luyén trude trén bd dir licu
cong khai Sleep-EDF Database Expanded

[Supratak et al., 2017]. B dir li¢u nay chua
197 ban ghi da ky gidc ngu qua dém cua
nguoi khée manh, dugc chdm diém theo
quy tic R&K. Chiing t6i da str dung tin hiéu
tir kénh EEG Fpz-Cz dé huén luyén, twong
thich véi vi tri dat dién cuc cta thiét bi. Dit
liéu duoc chia thanh tap huin luyén (70%),
tap kiém dinh (15%) va tap kiém thir (15%).

Sau khi t6i wu hoa bang TensorFlow
Lite cho Vi diéu khién, mé hinh ctia chiing
t0i dat d6 chinh xéc tong thé 14 87.2% trén tap
kiém thir, mot két qua canh tranh so véi cac
mo hinh phirc tap hon nhu DeepSleepNet
(Supratak et al., 2017) nhung v&i uu diém
vuot troi vé yéu cau bd nhé va tde do suy
ludn, cho phép trién khai hoan toan trén thiét
bi nhiing v&i do tré t6i thiéu.
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Hinh 4: Luu d0 chi tiét cua thuat todn xur 1y va kich thich nhung trén thiét bi.

Khéa pha Song Delta: Khi hé
théng phat hi¢n trang thai N3 on dinh (vi
du: 3 epoch lién tiép 1a N3), n6 s& chuyén
sang ché do kich thich. Mot bo loc thong
dai IIR thoi gian thuyc duoc ap dung dé
tach riéng cac song delta (0.5-4 Hz).
Mot thuat toan phat hién diém qua zero

(zero-crossing) va theo ddi dinh dugc su
dung dé udc tinh pha ctia song delta. Mot
xung nhidu héng (pink noise) ngan (50
ms) duoc kich hoat chinh x4c tai pha 45
dd trén suon Ién cia song, nhu minh hoa
trong Hinh 5, nham t6i da hoa hiéu qua
16i cudn (Ngo et al., 2013).
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Hinh 5 — Minh hoa co ché khéa pha va kién tric 1D-CNN

H
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B ra: Thire, N1, N2, N3, REM

Hinh 5: Minh hoa co ché khéa pha va kién tric mang 1D-CNN.

3.4. Trién khai Nhing va Ung
dung Di dong

Firmware cho MCU duoc phat trién
bang ngdn ngit C++ trén nén tang hé diéu
hanh thoi gian thuc (RTOS) Zephyr dé
quan 1y céc tac vu déng tho1 mot cach hiéu

qua. Truy cap bd nhé truc tiép (DMA)

duge str dung dé truyén dir liéu tir ADC

Chit hromg gidc ngd: 85%
Nt siu Th45m
56 lim kich thich: 128
\ v

Hinh 6:

dén bd nhé ma khong can sy can thiép
ctia CPU, cho phép 16i xir Iy chuyén sang
ché d6 ngu sau gitra cac 1an xu 1y epoch
dé toi wu hoa nang lugng. Mot ung dung
di dong da nén tang (10S/Android) dugc
phat trién bang Flutter, cung cap giao dién
cho ngudi dung dé bat dau/dimg phién
ngu, xem dir liéu thoi gian thyc va lich st
gidc ngu (Hinh 6).

Pin: 92%
Frrmware: v1.2.0

Déng b5 bda b cudt. 8.15AM
. >

Giao dién ung dung di dong va nguyén mau thiét bi khi sir dung.



IV. Két qua va thao luan

4.1. Thiét ké Thir nghigm Lim sang

DPé danh gid hi¢u qua cua hé thé)ng,
ching t6i da tién hanh mot thir nghiém
ngiu nhién, mu d6i, c6 ddi chimg gia
(sham-controlled), va thiét ké chéo
(crossover design) v&i 20 nguodi tham
gia khée manh (10 nam, 10 nfr, tudi 22-
35). Mdi ngudi tham gia trai qua hai
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tuan tht nghiém tai nha: mot tudn nhan
kich thich tich cuc (diéu kién STIM) va
mot tuan nhén kich thich gia (diéu kién
SHAM), trong d6 thiét bi hoat dong
nhung chi phat ra 5 xung 4m thanh dau
tién r6i im lang. Tht ty cac diéu kién
duoc ngiu nhién va cin bang giita cac
nguoi tham gia dé loai bo hiéu tng tuin

tu, nhu trong Hinh 7.

20 ngwon tham gia khoe manh
(Tuyén chon & Béing thuin tham gia)
| Phén ngiu nhign & lim mi kép J
Nhém 1)(n = 10} Nhém 2|(n = 10)

[ Tuéin 1: Kich thich thire (STIM) }

:

Tuén 2: Kich thich gia (SHAM)

(Washout)

[ Tuin 1: Kich thich gia (SHAM) }

!

Tuéin 2: Kich thich thire (STIM)

Thulhﬂ.pdﬂ'#uhiugnﬁy

Thiét b dec
(EEG, Nhit k¢t kich thick)

Bang ciu héi gidc ngi hing ngay ’

l

Phén tich dif lidn
(S0 zdnh STIM ve. SHAM bing kifm dinh t ¢6 ghép cip)

Hinh 7: So db thiét ké thir nghiém 14m sang ngau nhién, chéo (crossover).

4.2. Phan tich két qud va thdo lugn

Hé thong d3 dugc nguoi dung dung
nap tdt, khong c6 béo cao vé su kho chiu
hay gian doan gidc ngi. BO phan loai
N3 nhuing dat d§ chinh x4c trung binh la
85.4% so v6i két qua cham diém thii cong
cua chuyén gia trén dir liéu thir nghiém.

Dé phan tich dir liéu, ching toi da
str dung kiém dinh t-test mau cip (paired-

samples t-test) dé so sanh su khac biét giira
diéu kién STIM va SHAM. Phan tich két
qua chinh (Hinh 8) cho thay su gia ting
dang ké vé mit thong ké cia cong suét
SWA chuan hoa trong dai tan delta (0.5-4
Hz), v&1 mutc tang trung binh 18.4% trong
diéu kién STIM (t(19) = 3.24, p < 0.01).
Tuong tu, tong thoi gian trong gidc ngl

N3 ciing ting trung binh 12.2 phat mdi
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dém (t(19) = 2.53, p < 0.05). Bén canh do,
chung t6i cling theo ddi cac bién sé phu
nhu d6 tré gidc ngt (sleep latency) va thoi

(a) Si¥c manh séng chim (SWA)

T 1

L

SHAMN . STIM
Dién kin thi nehiém

=

i

S manh 8 W dd chuan hoa )

{c) Bi¢u 6 phan vng ca nhin

Biro manh 8 Wi (%0

SHAM STIM
Bugu kaén thi nghidm

Téng thini gian N3 (phat)

Bigndo EEG (V)

gian thic gidc trong dém (WASO), tuy
nhién khong ghi nhan su khéc biét c6 y
nghia thong ké giita hai diéu kién.

(b) Téng thixi gian ngi N3

=

-

SHAMN 1 STIM
Dién kign thi nshidm

(d) Diu vét EEG minh hoa
STIM
//_\/\
SHAM

Tho glan (ziay)

Cac xung 50ms dwoe phat tal sweom 18n song d=lta

Hinh 8: Céc thudc do két qua chinh so sanh giita diéu kién STIM va SHAM.

Pang cht1 ¥, cac bao cdo chi quan vé
chat luong gidc ngi, duoc thu thap hang
ngay qua thang do Karolinska, khong cho
thdy su khac biét co y nghia thong ké giita
hai diéu kién. Phat hién nay kha pho bién
trong cac nghién ciru can thiép gidc ngu
va co thé dugc 1y giai boi hiu Gng gia
duogc (placebo effect), hodc do su cai thién
khéach quan (vi du: tang 12.2 phtit ngu sau)
1a chua du 16n dé nguoi dung ¢ thé nhan
biét mot cach rd rét. (Diekelmann and
Born, 2010; Fattinger et al., 2017).

Quan trong hon, biéu d6 phan tmg
c4 nhan (Hinh 8c) cho thdy mot su bién
thién dang ké giita nhitng ngudi tham

gia: mot sd ngudi dap umg rat tot voi
kich thich, trong khi nhiing ngudi khac
thi it hon. Diéu nay nhin manh rang mot
phuong phép “mét kich ¢& cho tat ca” ¢
thé khong t6i uu va cho thay tiém ning to
16n cua viéc ca nhan hoa thuat toan. Viéc
diéu chinh cac thong sb kich thich nhu
cuong do am thanh, tan s, hay pha muc
tiéu dya trén phan ung sinh 1y theo thoi
gian thuc cua tirng cd nhan la mot hudng
di quan trong dé t6i da hoa hiéu qua cta
cong ngh¢ nay(Schneider et al., 2020).

V. Két luén va huéng phat trién
Bai bao nay da ching minh thanh
cong viéc thiét ké, ché tao va xéac thuc mot



hé thong deo vong kin, ty chi dé ting cuong
gidc ngu sau thong qua kich thich thinh giac
khoa pha. Béng cach tan dung mot mo hinh
ID-CNN nhting hi¢u qua va thuat toan khoa
pha thoi gian thuc, thiét bi ciia chung i co
thé ting cuong mot cach dang tin cdy hoat
dong song cham trong moi trudng tai nha
mot cach khong xam lan. Két qua tich cuc
tir thir nghiém 1am sang ngau nhién, c6 dbi
ching gia da khang dinh tiém ning cua cong
nghé nay nhu mot cong cu hd tro gidc ngi
phi dugc 1y, an toan va hi¢u qua.

Hudng phat trién trong tuong lai s&
tap trung vao ba linh vuc chinh:

Nghién ctru doc quy mé 16m: Tién
hanh cac nghién ctru dai han trén cac quan
thé da dang hon, bao gdm ngudi 16n tudi
va bénh nhén suy giam nhan thtrc, dé danh
gia loi ich lau dai.

Ca nhan héa thuat toam: Phat
trién cac thuat toan hoc ting cudng
(reinforcement learning) c6 kha nang tu
dong diéu chinh cac thong s kich thich
(vi du: cuong do am thanh, pha muc tiéu)
trong thoi gian thuc dé t6i da hoéa phan
ung cua ting cd nhan.

Tich hgp da phwong thire: Tich
hop cac cam bién sinh hoc b sung, chflng
han nhu do nhip tim (PPG) va nhiét d6 co
thé, dé xay dung mot birc tranh toan dién
hon vé sinh 1y gidc ngl va cung cip cac
can thiép da muc tiéu.
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ANALYSIS AND DESIGN OF AN AUDITORY
STIMULATION DEVICE TO ENHANCE DELTA WAVES
FOR DEEP SLEEP USING EEG

Nguyen Van Manh?, Hoang Anh Dung’, Nguyen Duc Xuan'

Abstract: This paper presents the design, implementation, and validation of a novel
wearable system for deep sleep enhancement via phase-locked, closed-loop auditory
stimulation. The system continuously acquires single-channel electroencephalography
(EEG) signals from the prefrontal cortex, performs real-time sleep stage analysis, and
delivers phase-locked auditory stimuli to augment slow-wave activity (SWA). At the core
of the system is a lightweight, embedded 1D Convolutional Neural Network (ID-CNN) for
identifying NREM Stage 3 (N3) sleep, followed by a real-time phase-locking algorithm that
triggers 50-ms pink noise bursts synchronized to the rising phase of delta waves (0.5—4
Hz). The hardware comprises a custom-designed lowpower Analog Front-End (AFE) and a
Bluetooth Low Energy (BLE) enabled microcontroller. An accompanying mobile application
provides user control, data visualization, and sleep logging functionalities. A randomized,
sham-controlled, crossover clinical trial was conducted to evaluate the system efficacy.
Results show a statistically significant increase in SWA power and N3 sleep duration on
stimulation nights compared to sham nights, demonstrating the feasibility of this wearable
technology for non-invasively enhancing deep sleep.

Keywords: electroencephalography (EEG), deep sleep, slow-wave activity (SWA), closed-loop
stimulation, auditory stimulation, wearable sensors, machine learning, 1D-CNN
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