DOI: 10.31276/VIST.2025.3667 Khoa hoc Tuw nhién|Vit Iy
Khoa hoc Ky thudt va Cong nghé | Ky thudt dién, ky thudt dién tu, ky thudt thong tin
Thiét ké va md phéng mach diéu chinh dién ap thiap (LDO) cho hé thong thu thip
niing lwong bude chin tir cim bién ap dién

Pham Thanh Huyén”, Vit Ngoc Quy, Hé Thanh Trung, Pham Minh Phuc,
Dao Thanh Toan
Truong Pai hoc Giao théng Van tdi, 3 Cau Gidy, phwong Lang, Ha Ngi, Viét Nam

Ngay nhén bai 22/9/2025; ngay chuyén phan bién 23/9/2025; ngay nhan phan bién
21/10/2025; ngay chip nhan dang 11/11/2025

Tom tit:

Nghién ciru nay tip trung vao viéc thiét ké va mé phong mét mach diéu chinh dién
ap roi thap (low dropout regulator - LDO) danh cho hé thong thu thap niing lwgng tir
chuyén ddéng nhw buée chan con nguoi, phwong tién giao thong sir dung cam bién ap
dién s¢i nano. Ngudn ning lwrong tir cim bién ap dién c6 diic tinh khong 6n dinh, véi
dién 4p xoay chiéu bién ddng, tan s6 thap va cong suit nhé. Mach LDO dwore thiét ké
trén nén tang Cadence Virtuoso véi cong nghé CMOS 45 nm, bao gdm cac khoi chinh
nhw bandgap reference (BGR), error amplifier (EA), buffer, pass FET va khdi loai bé
dong ro. Két qua mé phéng cho thiy, mach dat dién ap diu ra on dinh ¢ mirc
897,4 mV, dién ap roi 200 mV, hé s6 loai trir nhiéu ngudn dat 80,9 dB ¢ tin sb thap
va cong suit tiéu thu trung binh khoéang 48,7 mW tai v;,=2 V . Phan tich Monte Carlo
v6i 1000 miu xac nhian dd 6n dinh cao, véi dd 1éch chuin cia v,,, 12 3,4 mV va cong
suit toan mach 1a 0,7 mW. Két qua nay chirng minh tiém niing img dung ciia LDO
trong cac hé thong Internet van vit va thiét bi dién tir cong suat thap.

Tir khéa: cam bién ap dién, CMOS 45 nm, mach diéu chinh dién 4p roi thip, thu
thap nang lwgng budc chan.
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Abstract:

This study focuses on the design and simulation of a low dropout regulator (LDO) for
energy harvesting systems from movements of human footsteps or vehicle using
nanofiber piezoelectric sensors. The energy source from piezoelectric sensors exhibits
unstable characteristics, including fluctuating alternating voltage, low frequency, and
small power output. The LDO circuit was designed using Cadence Virtuoso on 45 nm
CMOS technology, incorporating key blocks such as bandgap reference (BGR), error
amplifier (EA), buffer, pass FET, and leakage current cancellation. Simulation results
demonstrate a stable output voltage of 897.4 mV, a dropout of 200 mV, a power
supply rejection ratio of 80.9 dB at low frequencies, and an average power
consumption of approximately 48.7 mW at v;,=2 V. Monte Carlo analysis with 1000
samples confirms high stability, with standard deviations of 3.4 mV for v,,, and
0,7mW for the total power. These findings highlight the LDO's potential for
applications in low-power Internet of Things systems and low-power devices.

Keywords: CMOS 45 nm, footstep energy harvesting, low dropout regulator,
piezoelectric sensor.

Classification numbers: 1.3, 2.2

1. Pit van dé

Vi sy phét trién nhanh chong ciia Internet van vat (IoT - Internet of Things) va thiét
bi dién tir deo, nhu ciu vé cac hé théng cép nguén doc 1ap, hi¢u suét cao va tiéu thu nang
luong thap ngay cang trd nén cap thiét. Mot giai phap tiém ning 1a khai thac nang luong
co hoc tir chuyén dong con ngudi, phuong tién giao thong thong qua vat lidu ap dién [1-4].
Mic du nhiéu nghién ctru da tap trung vao vi¢c cai thién vat liéu cam bién ap dién hoac toi
vu hoa mach thu thap niang luong [2-5] nhung it nhém di sau vao thiét ké bo diéu chinh
dién ap roi thap LDO (low dropout regulator) pht hop véi dic tinh khong on dinh va cong
suat han ché tir cam bién sgi nano. Trong khi d6, LDO déng vai tro quan trong trong viéc
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duy tri dién 4p dau ra 6n dinh cho cac khéi xir 1y, truyén dir liéu hodc luu trit ning luong
thir cap [6-8]. Do vay, nghién ctru ndy nham thiét ké va moé phong mot mach LDO hiéu
sudt cao, hoat dong 6n dinh trong hé thdng thu ning lwong ap dién tir ngudi di bd hoic
phuong tién giao thong trén duong.

Trong hé thong thu thip ning luong tir budc chan, phuong tién giao thong, ning
luong dién duoc tao ra qua chuyén do6i co ning bang cam bién ap dién. Nho hiéu Gmg ap
dién, mot sd vat liéu tao ra duge dién tich trén bé mat cua chuing khi chiu luc co hoc, tic
1a tao ra dién ap xoay chiéu [2,5,9]. Cac nghién ciru trude day ciia chung t6i da thanh cong
trong viéc ché tao cam bién soi nano sir dung vat li¢u PZT (lead zirconate titanate) va
PVDF (polyvinylidene fluoride) [9]. Véi ap luc tir bude chan cia ngudi cé trong luong
khoang 100 kg, dién 4p dau ra co thé 1én dén trén 6,0 V nhung muc phd bién 1a tir 1,0 dén
3,7 V. Hinh 1A md td mdt thi nghiém xac dinh dién dp thu dugc khi tadc dong luc 1én cam
bién soi nano. Két qua thu duoc trén man hinh may hién séng sau khi tin hiéu dién ap tir
cam bién qua mach chinh luu diode dé chuyén vé dang mét chiéu duoc thé hién trong hinh
1B voi gia tri dién ap dinh khoang 2,5 V. Cac cam bién nay 13 phén tir co s¢ dé ching toi
ché tao gach dién tir ng dung trong viéc thu thap ning luong budc chan ¢ nhitng noi cong
cong nhu nha ga, bén xe, trung tdm thuong mai...

(A)

v Viax = 2,48V

—» Nhiéu

Cam bi€n s¢i nano

Hinh 1. (A) Cam bién s¢i nano va (B) Két qua do dién ap ra trén may hién song.

Cac két qua thuc nghiém tir hién trudong khi ngudi di bd hay phuong tién tic dong
co hoc 1én cam bién hay gach dién tir cho thiy, ngudn ning lugng tir chuyén dong co hoc
nhu bude chan co tinh chat khong on dinh [2-5,9,10], v&i cac dac diém chinh sau:

- Dang tin hi€u: Bién d¢ phu thudc vao luc tdc dong, thay doi trong khoang rong.
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- Tan s6: Khoang (0,5 = 5,0) Hz, trong Gmg v6i nhip bude di cua con ngudi hoidc

cac chuyén dong cham cua phuong tién giao thong.

- Cong suat nho ¢& mW, doi hoi phai tich lity va diéu hoa dé st dung.

Nhitng dic tinh nay din dén dién ap va dong dién dau ra bién dong manh theo thoi
gian, phu thudc vao lyc tac dong, tin suit budc di va diéu kién moi truong. Didu nay giy
thach thtrc cho viée cip ngudn truc tiép cho linh kién dién tir yéu cdu ngudn 6n dinh. Dé
khéc phuc, mach LDO duogc st dung dé chuyén doi dién ap dao dong thanh dién ap on
dinh, phu hop cho tai nhu vi diéu khién, cam bién hodc mach RF, dam béao hoat dong chinh
xac va lién tyc. Ngoai ra, LDO con hoat dong nhu bd loc tuyén tinh, giam nhiéu va cai
thién chat luong tin hiéu ngudn cho cac khdi mach nhay cam. Trong diéu kién ning luong
dau vao yéu va gian doan nhu tin hiéu ldy dugc sau cam bién ap dién, LDO can dap ung
cac yéu cau chinh:

- Cong suat tiéu thu thap dé tranh lang phi ning luong han ché.
- bién ap roi thip dé hoat dong hiéu qua ngay ca khi chénh léch dién thé nho.

- Kha nang dap ing nhanh dé diéu chinh kip thoi theo thay ddi tai hodc dién ap dau
Vao.

Do vay, LDO tré thanh thanh phan thiét yéu trong hé thong thu thap nang lugng tir
bude chan, dam bao 6n dinh va hiéu suit cho toan hé théng dién tur.

2. Thiét ké bd LDO cho hé thong thu thip ning lwong buéc chian

LDO duoc thiét ké dé cung cap dién ap dau ra v,,, on dinh tir ngudn dién ap dau
vao v, bién dong, ddng thoi duy tri dién ap roi t6i thiéu gitra v;,, va v,,,. Trong nghién
ctru ndy, LDO dugc t6i vu hoa dé dap ung cac yéu cau nghiém ngit caa hé thong IoT hay
thiét bj deo y té [6-8,10-12]. So dd khdi ctia mach LDO duoc thiét ké trén Cadence Virtuoso
voi thu vién GPDKO045 dugc trinh bay trong hinh 2.
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Nghién ctru tap trung vao viéc nang cao hiéu suét thong qua thiét ké cac khédi chinh
nhu pass FET, buffer 1x va khdi loai bo dong va dam bao do 6n dinh, hiéu suat va kha nang

Hinh 2. So' dd cau truc cia mach LDO.

hoat dong & dién ap thép. Cac nhiém vu chinh cua LDO trong hé théng bao gém:

- Biéu chinh dién 4p dau ra: St dung vong phan hoi dé so sanh dién &p tham chiéu
v6i tin hi¢u phan hoi tr v,,,; qua mach chia ap.

- Cung cap dong tai: Pass FET duoc thiét ké dé hd trg dong tai 1on cho tai dong.
- Giam dién ap roi: Pam bao dién ap roi thip dé hoat dong hiéu qua & v;,, thap.

Trong d6, khdi BGR (bandgap reference) tao ra dién ap tham chiéu Vizr, 0n dinh
va khong phu thudc vao nhiét do, dién ap nguén va su khong déng nhét cua qua trinh san
Xut. Vggp 12 gia tri chuan dé khdi khuéch dai sai 1éch EA (error amplifier) so sanh véi tin
hiéu phan hoi (FB - feedback) tir vy, giup diéu chinh v,,, chinh xac & mic 0,9 V. Sy 6n
dinh cta Vigr 1 yéu td quan trong dé dam bao do chinh xac cia dién ap dau ra. Khéi bo
dém buffer khuéch dai tin hiéu tir EA dé diéu khién cong ctia pass FET. Buffer giup cach
ly EA khoi tai ning cta pass FET, dam bao tdc do dap ing va giam tiéu thu cong suit, dong
thoi ho tro hoat dong ¢ dién ap thép. Pass FET 14 transistor PMOS chinh, diéu chinh dién
ap tir vy, (c6 gia tri tir 1,1 dén 3,2 V) xubng v,,,=0,9 V, ddng thoi cung cip dong tai toi da
300 mA. Pass FET hoat dong & vung tuyén tinh, voi dién ap roi tdi da 200 mV, gitip LDO
hoat dong hiéu qua & v;,, thap. Pass FET dugc thiét ké véi kich thuéc (W/L) 16n véi L nho
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dé t1 wu dién tich va ddng thoi dap ing yéu cau dong tai 16n. Tuy nhién, do sir dung L nho
nhat nén can khéi loai bo dong ro Cancellkg (cancel leakage current) tir pass FET, udc tinh
khoang 5 nA dé tranh anh hudng dén v,,,,. Khoi ndy sir dung céc transistor NMOS dé tao
dong by, trung hoa dong ro tai nit v,,,, dam bao v,,, On dinh, dic biét trong diéu kién
dién ap thap (v;,=1,0 V). Pay la yéu td quan trong dé duy tri d6 chinh xac ciia LDO. Cubi
cung, mach hoi tiép 1dy mau v,,, va tao tin hiéu phan hoi FB dé so sanh v&i Vigp tai EA.
V6i 1,,,=0,9 V va Vpp=0,75 V, mach hoi tiép duoc thiét ké 13 mach chia ap dé tao
Veg=Vegr khi v,,,=0,9 V. Khéi ndy dong vai tro trung tim trong vong phan hdi, dam bao
LDO duy tri v,,,, 6n dinh trong dai bién dong ctia v;,, va dong tai.

Khéi quan trong nhét trong so d6 LDO trén 1 khéi EA, déy 1a khéi khuéch dai sai
1&ch gitra dién 4p phan hoi vé va dién ap chuan dé cb dinh cho dién ap ra. Mach nay duoc
thiét ké nhiéu tang nhu mé ta trong hinh 3 dé dat hiéu ning cao.
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Hinh 3. So @6 thiét ké khoi EA.

L‘-HDJ

Khéi EA gom ba phan chinh:

- Tang du vao vi sai st dung cip transistor NMOS (M1-M2) va PMOS tai hoat
dong (PM1-PM2) dé khuéch dai sai 1éch giita dién ap tham chiéu va dién 4p phan hoi tir
dau ra. Tang nay cung cap hé sb khuéch dai dién ap 16n va do chinh xac cao cho toan mach.

- Tang khuéch dai trung gian (gain boosting) sir dung cdu triic cascode véi cac
transistor NMOS (M3-M5) va PMOS (PM3-PM5) nhiam ting dién tré dau ra, tir d6 ning
cao do loi dién ap téng thé va cai thién dic tinh PSRR ctiia LDO. Cac nit bias (Vbl, Vb2,

Vb3) tao ra cac dién ap diéu khién phu hop cho céc tang cascode.
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- Tang dau ra diéu khién transistor cong suit (MPA) ndi t6i nit v,,,,. Tang ndy dong

vai trd dém (buffer) cung cip dong tai, dong thoi duy tri d6 6n dinh cta dién ap dau ra
trong cac diéu kién dao dong tai khac nhau.

Khéi EA dam bao cac yéu cau chinh ciia LDO hién dai: d6 loi tt, dai PSRR rong,
dién ap roi nho va tiéu thu cong suit thap, phu hop véi cong nghé 45 nm CMOS sir dung
trong nghién ctru nay.

3. Két qua md phéng va danh gia

Két qua mo phong cho thiy, EA dat d6 loi mot chiéu DC gain 13 82,0 dB; 1& pha cua
EA dat 59,0°, 16n hon yéu cau 45,0° cta hé théng thong thuong. Vé cong suit tiéu tan, EA
chi tiéu thu gan 0,4 mW va do loi bang thong GBW (gain bandwidth) ciing dat 14 91,2 MHz.
Heé s6 loai trir nhiéu ngudn PSRR (power supply ripple rejection) dat 86,9 dB va hé sd nén
dong pha CMRR (common mode rejection ratio) dat 62,1 dB nhu thé hién trong hinh 4.
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Hinh 4. (A) Hé s6 PSRR va (B) CMRR ciia khéi EA.

Két qua mod phong hoat dong tong thé ctia mach LDO duoc thé hién trong hinh 5A.
Dai dién 4p dau vao dugc Iya chon dé thuc hién mo phong 1a dai dién ap tir 0 dén 3,7 V vi
theo nghién ctru trude ctia chung t6i [9] dai dién ap do duoc sau mach chinh luu c6 gia tri
pho bién tir 1,0 dén 3,7 V.

Pién ap dau ra v,,, ciia mach LDO (dudng mau d6 nét lién) duy tri & mizc 898,3 mV
trong dai dién 4p dau vao (dudng mau xanh chdm gach) thay doi tir khoang 1,1 V dén 3,2 V.
Két qua nay cho thiy, kha niang diéu chinh tuyén tinh hiéu qua, giam thiéu dao dong dau
ra du c6 sy thay doi dang ké cua dién ap dau vao.
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Hinh 5. (A) Dang dién ap vao v;, va dién ap ra v,,; cia LDO va (B) M6 phéng Monte
Carlo cho 1000 miu ciia gia tri v,,, khi diu vao 13 2,0 V.

Biéu do histogram ctia v,,, tai v;,=2,0 V sau mé phong Monte Carlo v&i 1000 mau
trong hinh 5B cho thdy v,,, c6 phan b gan gidng phan bd chuan Gaussian, véi gia tri
trung binh 1a 897,4 mV, rat gan véi muc tiéu 0,9 V (chénh 1éch khoang 0,3 %). Do 1éch
chuan (Std Dev) 1a 3,4 mV, gia tri nho nhat va 16n nhat 1an luot 13 883,2 va 904,3 mV thé
hién d6 bién thién kha nho, ching t6 mach LDO hoat dong 6n dinh véi bién thién do qua
trinh san xuat va sy khong nhat quan cua qua trinh vat Iy. Kha ning 6n dinh nay ching
minh tiém ning tng dung ctia mach trong cac hé thong yéu cau ngudn dién ap thip va 6n
dinh, chéng han nhu cac thiét bi dién tur cong suét thép hodc cam bién. Tuy nhién, can danh
gia thém vé kha ning loai bo nhiéu, hiéu suat dong tai va tiéu thu cong suat dé xac dinh
tinh kha thi trong cac diéu kién van hanh thuc té.

Két qua mé phong thé hién trong hinh 6A cho thiy cong suét tiéu thu ting gan nhu
tuyén tinh khi vy, tang tir 1,0 dén 3,7 V, 1én khoang 285,0 mW. Diéu nay phan anh sy gia
tang dong dién qua mach khi dién 4p dau vao ting, phu hop véi dic tinh caa LDO khi
chénh 1&ch dién ap gitta v, va v,,, 16n hon, dan dén hiéu suit ning luong giam & ving
dién ap cao. Biéu do histogram cuia cong suét tiéu thu toan mach tai v;,=2 V v6i 1000 miu
trong hinh 6B cho thiy, cong suit ciing ¢6 phan bd gan giéng phan bd chuan, véi gia tri
trung binh 1a 48,7 mW. D¢ Iéch chuén 1a 736,1 UW (chénh Iéch khoang 1,5%), gia tri nhd
nhit va 16n nhat 1an luot 13 46,3 va 50,6 mW cho thy d6 tap trung cta két qua thiét ké.
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Hinh 6. (A) Cong suét toan mach khi dién 4p vao thay déi va (B) Mé phong Monte
Carlo 1000 mAiu ciia gia tri nay khi dién ap diu vaola 2 V.

Véi hé théng thu thap nang luong budc chan nhidu dau vao 13 rat 1on vi hau hét noi
lép dat gach dién tir 1a nhitng noi c6 mat do nguoi di lai rat dong nén cam bién c6 thé nhan
tin hiéu dong thoi tir nhiéu ngudn tac dong. Do d6, thong sé PSRR rat quan trong dbi vai
LDO tng dung trong hé théng ndy. Hinh 7A mé ta so d6 mach duoc thiét ké dé danh gia
thong s6 PSRR ciia LDO. Hinh 7B thé hién két qua mo phong 1a d thi cua thong s PSRR
trén mién tan sd & ché do mod phong ham truyén dat giira dau ra va ngudn dién ap dua téi
V. O khu vuc tan s thap (dudi 1 kHz) gia tri nay gan nhu khong doi va dat 80,9 dB,
nghia 13 kha ning loai trir nhidu ngudn & mirc tot va hoan toan dap tng dugc yéu ciu cia
hé théng thu thap nang lugng budc chan véi tan s6 chi vai Hz nhu da dé cap.
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Hinh 7. (A) Testbench thwe hién mé phéng va (B) Két qua xac dinh PSRR cho LDO.

Nghién ctru ctia cac nhom [12-14] khong sir dung tu dién dau ra dé giam thiéu dién
tich va dong tinh nhung phai tra gia bang hé s6 nén nhidu ngudn PSRR thip. Trong nghién
ctru nay, do xac dinh diéu kién lam viéc bi nhiéu 16n nén chung t6i van str dung tu dé dam
bao gia tri PSRR. Két qua thuc hién trén cong nghé GPDK045 (45 nm CMOS) cho thay,
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hiéu ning ctia mach tot véi mirc cong suat thap va PSRR cao, pht hop cho Gmg dung cong
sudt thap nhu IoT, thiét bi deo y sinh hay mang cam bién khong day.

4. Két luan

Nghién ctru d3 phat trién thanh cong mé hinh mach LDO danh cho hé thdng thu
thap ning lugng tir cam bién 4p dién, dugc mod phong trén Cadence Virtuoso véi cong nghé
CMOS 45 nm. Két qua chirmg minh mach c6 kha ning cung cdp dién 4p dau ra 6n dinh,
dam bao hoat dong hiéu qua ngay ca trong diéu kién ning luong dau vao yéu va bién dong.
Céc thong s chinh nhu dién 4p ra 0,9 V, dién ap roi 200 mV, PSRR dat 80,9 dB va cong
suét tiéu thu 48,7 mW tai Vin=2,0 V khong chi dap img ma con vuot trdi so voi yéu ciu
ctia cac hé thong cong suit thap. Phan tich Monte Carlo v&i 1000 mau xac nhan do tin ciy
cao ciia mach. Két qua nghién ciru cho thay, mach LDO duoc thiét ké c6 kha nang sir dung
tich hop vao cac ung dung cung cip ning lugng xanh tir chuyén dong cta nguoi, phuong
tién giao thong cho cac thiét bi IoT.

LOI CAM ON
Nghién ctru nay duoc tai tro boi Quy Phat trién Khoa hoc va Cong nghé Quéc gia
(NAFOSTED) trong dé tai ma s6 103.05-2021.71.

TAI LIEU THAM KHAO

[1] J. Golabek, M. Strankowski (2024), “A review of recent advances in human-
motion energy harvesting nanogenerators, self-powering smart sensors and self-charging
electronics”, Sensors, 24(4), DOI: 10.3390/524041069.

[2] K.K. Selim, [.H. Smaili, H.M. Yehia, et al. (2024), “Piezoelectric sensors pressed
by human footsteps for energy harvesting”, Energies, 17(10), DOI: 10.3390/en17102297.

[3] F. Rigo, M. Migliorini, A. Pozzebon (2024), “Piezoelectric sensors as energy
harvesters  for ultra  low-power IoT  applications”, Sensors, 24(8), DOI:
10.3390/s24082587.

[4] Y. Wu, S. Dong, X. Li, et al. (2023), “A stretchable all-nanofiber iontronic
pressure sensor”, Soft Science, 3(4), DOI: 10.20517/ss.2023.24.

[5] I. Kim, J. Yun, G. Kim, et al. (2025), “Triboelectric-enhanced piezoelectric
nanogenerator with pressure-processed multi-electrospun fiber-based polymeric layer for
wearable and flexible electronics”, Polymers, 17(17), DOI: 10.3390/polym17172295.

10


https://doi.org/10.3390/s24041069
https://doi.org/10.3390/en17102297
https://doi.org/10.3390/s24082587
http://dx.doi.org/10.20517/ss.2023.24
https://doi.org/10.3390/polym17172295

DOI: 10.31276/VIST.2025.3667 Khoa hoc Tw nhién|Vit Iy
Khoa hoc Ky thudt va Cong nghé | Ky thudt dién, ky thudt dién tu, ky thudt thong tin
[6] C. Konstantopoulos, T. Ussmueller (2020), “A nano-power 0.5 V event-driven

digital-LDO with fast start-up burst oscillator for SoC-1oT”, Low Power Electronics and
Applications, 10(4), DOI: 10.3390/jlpeal0040041.

[7]J.S. Kim, K. Javed, K.H. Min, et al. (2023), “A 13.5-nA quiescent current LDO
with adaptive ultra-low-power mode for low-power IoT applications”, IEEE Transactions
on Circuits and Systems [II: Express Briefs, 70(9), pp.3278-3282, DOI:
10.1109/TCSI1.2023.3263876.

[8] Y. Huang, Y. Lu, F. Maloberti, et al. (2018), “Nano-ampere low-dropout
regulator designs for loT devices”, IEEE Transactions on Circuits and Systems I: Regular
Papers, 65(11), pp.4017-4026, DOI: 10.1109/TCSI.2018.2851226.

[9] T.H. Pham, T.D. Bui, T.T. Dao (2023), “A high-reliability piezoelectric tile
transducer for converting bridge vibration to electrical energy for smart
transportation”, Micromachines, 14(5), DOI: 10.3390/mi14051058.

[10] M. Shirvanimoghaddam, K. Shirvanimoghaddam, M. M. Abolhasani, et al.
(2019), “Towards a green and self-powered Internet of Things using piezoelectric energy
harvesting”, IEEE Access, 7, pp.94533-94556, DOI: 10.1109/ACCESS.2019.2928523.

[11]Y. Zhang, J. Cai, J. Chen, et al. (2024), “A 640 nA Iq output-capacitor-less low
dropout (LDO) regulator with sub-threshold slew-rate enhancement for narrow band
Internet of  Things (NB-IoT) Applications”, Micromachines, 15, DOI:
10.3390/mi15081019.

[12] A. N. A. Rashid, N. I. A. Hamid, E. Noorsal, et al. (2024), "Design of low
dropout regulator for power management unit of wearable healthcare system device using
45nm CMOS Technology", IEEE International Conference on Applied Electronics and
Engineering (ICAEE), pp.1-6, DOI: 10.1109/ICAEE62924.2024.10667480.

[13] O. Pereira-Rial, J. M. Carrillo, P. Lopez (2024), "Low-voltage CMOS
capacitor-less LDOs: bulk-driven versus gate-driven comparative study”, [EEE
Transactions on Circuits and Systems I: Regular Papers, T1(11), pp.5329-5338, DOI:
10.1109/TCS1.2024.3440842.

[14] N. Zachos, V. Gogolou, T. Noulis (2024), “A fully integrated 1.8 V low-power
LDO regulator with dynamic transient control for SoC applications”, Electronics, 13, DOI:
10.3390/¢electronics13234734.

11


https://doi.org/10.3390/jlpea10040041
https://doi.org/10.1109/TCSII.2023.3263876
https://doi.org/10.1109/TCSI.2018.2851226
https://doi.org/10.3390/mi14051058
https://doi.org/10.1109/ACCESS.2019.2928523
https://doi.org/10.3390/mi15081019
https://doi.org/10.1109/ICAEE62924.2024.10667480
https://doi.org/10.1109/TCSI.2024.3440842
https://doi.org/10.3390/electronics13234734

