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Thiét kérvﬁ mo phéng mach diéu chinh dién ap roi th?ip (LDO)
cho hé thong thu thap ning lwong bwdc chan tir cam bién dp dién
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Tom tdit:
Nghién ciru nay tip trung vao viéc thiét ké va mé phong mét mach diéu chinh dién ap roi thip (low dropout
regulator - LDO) danh cho hé théng thu thip nang lwong tir chuyén dong nhw bwéc chan con ngwi, phwong tién
giao thong sir dung cam bién ap dién s¢ii nano. Nguoén niang lwong tir cdm bién ap dién cé dic tinh khong 6n dinh,
voi dién ap xoay chiéu bién dong, tin s6 thip va cong suit nhé. Mach LDO dworc thiét ké trén nén tang Cadence
Virtuoso v&i cong nghé CMOS 45 nm, bao gom cac khéi chinh nhw bandgap reference (BGR), error amplifier (EA),
buffer, pass FET va khdi loai bé dong ro. Két qua mé phong cho thiy, mach dat dién ap diu ra 6n dinh & mirc 897,4
mV, dién ap roi 200 mV, hé s loai trir nhiéu ngudn dat 80,9 dB & tin so thip va cong suit tiéu thu trung binh
khoang 48,7 mW tai v, =2 V. Phan tich Monte Carlo véi 1000 mau xac nhan do 6n dinh cao, véi dé 1éch chuan ctia
v, .1a 3,4 mV va cong suat toan mach la 0,7 mW. Két qua nay chirng minh tiém nang &rng dung ciia LDO trong cac hé
thong Internet van vt (IoT) va thiét bi dién tir cong suit thap.

Tir khéa: cam bién ap dién, CMOS 45 nm, mach diéu chinh dién ap roi thip, thu thip nang lwgng bwéc chéan.
Chi s6'phan logi: 2.2, 2.11
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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 vehicles using nanofiber piezoelectric sensors. The energy
source from piezoelectric sensors exhibits unstable characteristics, including fluctuating alternating
voltage, low frequency, and low power output. The LDO circuit was designed using Cadence Virtuoso on a
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
0f897.4 mV, a dropout voltage 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 a standard deviation of v of 3.4 mW and a total circuit power consumption
of 0.7 mW. These findings highlight the LDO’s potential for applications in low-power Internet of Things
systems and low-power electronic devices.
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1. it van de

Véi sw phat trién nhanh chéng cia IoT va thiét bi
dién t&r deo, nhu ciu vé cac hé thong cap ngudn doc
14p, hiéu suit cao va tiéu thu ning lwong thap ngay
cang tré nén cap thiét. Mot giai phap tiém nang la khai
thac ning lwong co hoc tir chuyén dong con nguoi,
phwong tién giao thong thong qua vatliéu 4p dién [1-
4]. Mac du nhiéu nghién ctru da tip trung vao viéc cai
thién vt liéu cdm bién ap dién hoic tdi wu héa mach
thu thap nang lwong [2-5] nhwng it nhém di sdau vao
thiét ké bo LDO phu hop véi dic tinh khong 6n dinh
va cong sudt han ché tir cdm bién s¢i nano. Trong khi
do, LDO dong vai trdo quan trong trong viéc duy tri
dién 4p dau ra on dinh cho cac khoi xtr ly, truyén di
liéu hodc lwu trir nang lwong thir cip [6-8]. Do vay,
nghién ctru nay nham thiét ké va mo6 phong mot mach
LDO hiéu suit cao, hoat déng 6n dinh trong hé théng
thu nang lwong ap dién tir ngwoi di bo hodc phuwong
tién giao thong trén duwdng.

Trong hé thong thu thap nang lwgng tir bwéc chan,
phwong tién giao thong, nang lwong dién dwoc tao
ra qua chuyén déi co nang bang cam bién ap dién.
Nho hiéu &rng ap dién, mot sé véat liéu tao ra dwoc
dién tich trén bé mat ctia chung khi chiu luc co hoc,
tirc 1a tao ra dién ap xoay chiéu [2, 5, 9]. Cac nghién
clru trwedre day cuia ching toi da thanh cong trong viéc

(A) (B)
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ché tao cam bién sgi nano st dung vat liéu PZT (lead
zirconate titanate) va PVDF (polyvinylidene fluoride)
[9]. V6&i ap luc tir bwde chan cia ngudi c6 trong lwgng
khoang 100 kg, dién ap diu ra c6 thé lén dén trén
60 V nhwng mirc pho bién 1a tir 1,0 dén 3,7 V. Hinh 1A
mo ta mot thi nghiém xac dinh dién ap thu dworc khi
tac dong lwc 1én cam bién sgi nano. Két qua thu dwoc
trén man hinh may hién séng sau khi tin hiéu dién
ap tr cdm bién qua mach chinh lwu diode d€ chuyén
vé dang mot chiéu dwoc thé hién trong hinh 1B v&i
gia tri dién ap dinh khoang 2,5 V. Cac cam bién nay
la phan t& co s& dé chung to6i ché tao gach dién t
rng dung trong viéc thu thap nang lvong buéc chan
& nhirng noi cong cong nhw nha ga, bén xe, trung tim

thwong mai...

Cac két qua thwc nghiém tir hién treong khi nguoi
di b6 hay phwong tién tac dong co hoc 1én cdm bién
hay gach dién tir cho thiy, nguén nang lwong tir
chuyén ddng co hoc nhw bwéc chan cé tinh chdtkhong

on dinh [2-5, 9, 10], vdi cac dic diém chinh sau:

Cac két qua thwc nghiém tir hién trwedng khi nguoi
di bo hay phwong tién tac dong co hoc 1én cam bién
hay gach dién tr cho thiy, nguén ning lwong tir
chuyén dong co hoc nhw bwéc chan cé tinh chdtkhong

on dinh [2-5, 9, 10], v&i cac dic diém chinh sau:

" Vnax=2,48V

» Nhiéu

Hinh 1. (A) Cam bién s¢i nano va (B) Két qua do dién ap ra trén may hién séng.
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- Dang tin hiéu: Bién d6 phu thudc vao luc tac
dong, thay déi trong khoang rong.

- Tan s6: Khoang (0,5+5,0) Hz, twong &rng v&i nhip
budc di cia con ngwdi hodc cac chuyén dong chim
cia phwong tién giao thong.

- Cong suit nhé c& mW, doi hoi phai tich liy va
diéu hoa dé st dung.

Nhitng dic tinh nay dan dén dién 4p va dong dién
dau ra bién déng manh theo thoi gian, phu thudc
vao luc tdc dong, tin suat bwéc di va diéu kién moi
treong. Diéu nay giy thach thirc cho viéc cdp nguon
truc ti€p cho linh kién dién tr yéu cAu nguon 6n dinh.
Dé& khiac phuc, mach LDO dworc st dung dé€ chuyén dai
dién ap dao déng thanh dién ap 6n dinh, phu hop cho
tai nhw vi diéu khién, cdm bién hodc mach RF, ddm
bao hoat dong chinh xac valién tuc. Ngoai ra, LDO con
hoat dong nhw bd loc tuyén tinh, gidm nhiéu va cai

thién chit lwong tin hiéu nguén cho cac khéi mach

Hinh 2. So’ d6 cau tric cua mach LDO.
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nhay cam. Trong diéu kién nang lwong dau vao yéu va
gian doan nhuw tin hiéu lay dwoc sau cadm bién ap dién,
LDO can dap &ng cac yéu cau chinh:

- Cong sudt tiéu thu thip dé tranh lang phi nang
lrong han ché.

- Dién 4p roi thip d€ hoat dong hiéu qua ngay ca
khi chénh 1éch dién thé nho.

- Kha nang dap rng nhanh dé diéu chinh kip thoi
theo thay d6i tai hodc dién ap dau vao.

Do véy, LDO tré thanh thanh phan thiét yéu trong
hé théng thu thap nang lvong tir budc chan, ddm bao

on dinh va hiéu suit cho toan hé thong dién ti.

2. Thiét ké ho LDO cho hé thong thu thap nany luongy
hudc chan

LDO dwoc thiét k€ dé cung cip dién ap dau ra
v__6n dinh tir ngudn dién ap diu vao v_ bién dong,
out . . mn -

dong thoi duy tri dién ap roi tdi thiéu gittav, vav_ .

=
=
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Trong nghién ctru nay, LDO dwegc t6i wu hoa dé dap
rng cac yéu cau nghiém ngat cia hé théng IoT hay
thiét bi deo y té [6-8, 10-12]. Sor d6 khoi cia mach
LDO duwoc thiét ké trén Cadence Virtuoso véi thu vién
GPDKO045 dworc trinh bay trong hinh 2.

Nghién ctru tip trung vao viéc ning cao hiéu suat
théng qua thiét ké cac khdi chinh nhw pass FET, buffer
1x va khdi loai bo dong va dam bao d6 6n dinh, hiéu
sult va kha ning hoat dong & dién ap thap. CAc nhiém
vu chinh cta LDO trong hé théng bao gom:

- biéu chinh dién 4p dau ra: St dung vong phan hoi
dé so sanh dién ap tham chiéu véi tin hiéu phan hoi
trv_ . qua mach chia ap.

- Cung c4p dong tai: Pass FET dwoc thiét ké dé hd
tro dong tai lon cho tai dong.

- Gidm dién ap roi: Pam bdo dién ap roi thip dé
hoat dong hiéu qua & v, thap.

Trong d6, khoi BGR (bandgap reference) tao ra

dién ap tham chiéu V,, 6n dinh va khong phu thuéc

EF’
vao nhiét do, dién ap nguodn va sw khong dong nhit
cla qud trinh san xudt. V. la gia tri chuan dé khoi
Khuéch dai sai léch EA so sdnh v&i tin hiéu phan hoi
(FB - feedback) tirv, , gitip diéu chinh v, chinh xac &
mttc 0,9 V. Sy 6n dinh cta V,, 1a yéu t6 quan trong dé
dam bao d6 chinh xac ctia dién 4p dau ra. Kh6i bo dém
buffer khuéch dai tin hiéu tir EA dé diéu khién cdng
cua pass FET. Buffer gitp cach ly EA khoi tai nang cia
pass FET, ddm bdo téc do dap (rng va giam tiéu thu
cOng suit, dong thoi hd tro hoat dong & dién ap thap.
Pass FET 13 transistor PMOS chinh, diéu chinh dién
=09V,
dong thoi cung cip dong tai téi da 300 mA. Pass FET

ap tirv, (c6 gia tritir 1,1 dén 3,2 V) xubng v, ,
hoat déng & vung tuyén tinh, v&i dién ap roi tdi da
200 mV, gitip LDO hoat dong hiéu qua & v, thap. Pass
FET dworc thiét ké véi kich thwde (W/L) 1én véi L nhd
dé toi wu dién tich va dong thoi dap rng yéu ciu dong
tai 1on. Tuy nhién, do st dung L nh6 nhat nén can khoi
loai bé dong ro Cancellkg (cancel leakage current) tir
pass FET, wéc tinh khoang 5 nA dé tranh anh hwdong
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dénv_ .Khoinay str dung cac transistor NMOS dé tao
dong bu, trung hoa dong ro tai nat v, , dam bao v,
on dinh, dac biét trong diéu kién dién ap thap (v, =1,0
V). bay la yéu t6 quan trong dé duy tri d6 chinh xac
ctia LDO. Cudi ciing, mach hoi tiép 14y mau v_, va tao
tin hiéu phan hoi FB dé so sanh véi V., tai EA. Véi
v,=0,9VvaV, =075V, mach hoi tiép dwoc thiét ké
la mach chia 4p dé tao V=V, khiv =09 V. Khéi
nay dong vai tro trung tAm trong vong phan héi, dam
bao LDO duy tri v, , 6n dinh trong dai bién dong ctia

v, va dong tai.
m

Khoi quan trong nhat trong so d6 LDO trén la khéi
EA, day la khoi khuéch dai sai 1éch gitra dién 4p phan
hoi vé va dién ap chuin dé c6 dinh cho dién ap ra.
Mach nay dwogc thiét ké nhiéu ting nhw mé ta trong

hinh 3 dé dat hiéu nang cao.
Khoi EA gom ba phén chinh:

- Tang dAu vao vi sai st dung cdp transistor NMOS
(M1-M2) va PMOS tai hoat déng (PM1-PM2) dé
khuéch dai sai l1éch giira dién ap tham chiéu va dién
&p phan hoi tir dau ra. TAng nay cung cip hé sé khuéch

dai dién ap lén va do chinh xac cao cho toan mach.

- Tang khuéch dai trung gian (gain boosting) st
dung ciu tric cascode véi cac transistor NMOS (M3-
M5) va PMOS (PM3-PM5) nham ting dién tré dau ra,
tir d6 nang cao do loi dién ap tong thé va cai thién
dac tinh PSRR ctia LDO. Cac nut bias (Vb1, Vb2, Vb3)
tao ra cac dién ap diéu khién phu hgp cho cac ting
cascode.

- Tang dau ra diéu khién transistor céng suit
(MPA) néi téi niut v . Tang nay déng vai tro dém
(buffer) cung cip dong tai, dong thoi duy tri dé 6n
dinh cta dién ap dau ra trong cac diéu kién dao dong
tai khac nhau.

Kh6i EA dam bdo cac yéu ciu chinh cia LDO hién
dai: do loi tot, dai PSRR rong, dién ap roi nho va tiéu
thu céng suit thap, phu hgp véi cong nghé 45 nm
CMOS st dung trong nghién ctru nay.
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Hinh 3. So’ d6 thiét ké khoi EA.
3. Két qua mé phéng va danh gia

Két qua mé phdng cho thiy, EA dat d6 loi mot chiéu
DC gain la 82,0 dB; 1é pha cia EA dat 59,0°, 1é6n hon
yéu cau 45,0° ctia hé thong théng thwong. Vé cong
sudt tiéu tan, EA chi tiéu thu gan 0,4 mW va do loi
bang thong GBW (gain bandwidth) cling dat la 91,2
MHz. Hé s& loai trir nhiéu ngudn PSRR (power supply
ripple rejection) dat 86,9 dB va hé s6 nén dong pha
CMRR (common mode rejection ratio) dat 62,1 dB
nhw thé hién trong hinh 4.
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Hinh 4. (A) Hé s6 PSRR va (B) CMRR cua khéi EA.
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Két qua mo6 phdong hoat dong téng thé cua mach
LDO dwoc thé hién trong hinh 5A. Dai dién ap diu vao
dwoc lwa chon dé thwc hién mé phong la dai dién ap
tlr 0 dén 3,7 V vi theo nghién ctru trueéc cua ching toi
[9], dai dién ap do dwoc sau mach chinh Iwu c6 gia tri
phé bién tir 1,0 dén 3,7 V.

bién ap dau ra v , cia mach LDO (dwong mau do
nét lién) duy tri & mirc 898,3 mV trong dai dién ap
dau vao (dwong mau xanh chdm gach) thay doéi twr
khoang 1,1 dén 3,2 V. Két qua nay cho thiy, kha ning
diéu chinh tuyén tinh hiéu qua, gidm thiéu dao dong

dAu ra du c6 sy thay ddi dang ké cua dién ap dau vao.
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Hinh 5. (A) Dang dién ap vao v, va dién ap ra v, ,ctia LDO va (B) Mé phéng Monte Carlo cho 1000 mau cta gia triv,,,
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Hinh 6. (A) Céng suét toan mach khi dién ap vao thay déi va (B) M6 phéng Monte Carlo 1000 mau ca gia tri nay khi dién ap dau vaola2\V.

Biéu d6 histogram ctia v, tai v,=2,0 V sau md
phéng Monte Carlo véi 1000 mAu trong hinh 5B cho
thay,v_ c6phanbd gangiong phanbd chuan Gaussian,
v&i gia tri trung binh 1a 897,4 mV, rit gin véi muc tiéu
0,9 V (chénh léch khoang 0,3%). D6 1éch chuin (Std
Dev) 1a 3,4 mV, gia tri nhé nhit va 1én nhat lan lwgt
1a 883,2 va 904,3 mV thé hién do bién thién kha nho,
chirng t6 mach LDO hoat dong 6n dinh v&i bién thién
do qué trinh san xuit va sw khong nhit quan cia qua
trinh vat ly. Kha nang 6n dinh nay chirng minh tiém
nang &ng dung ctia mach trong cac hé thong yéu ciu
ngudn dién ap thip va én dinh, ching han nhu cac
thiét bi dién t&r cong suit thip hodc cdm bién. Tuy
nhién, cAn danh gia thém vé kha ning loai bé nhiéu,
hiéu suit dong tai va tiéu thu cong suit dé xac dinh

tinh kha thi trong cac diéu kién vin hanh thuc té.
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Két qua mo phong thé hién trong hinh 6A cho théy,
cong suat tiéu thu tang gan nhuw tuyén tinh khiv,_ tang
tir 1,0 dén 3,7 V,1én khodng 285,0 mW. Diéu nay phéan
anh s gia tang dong dién qua mach khi dién ap dau
vao tang, phu hop véi dac tinh ctiia LDO Khi chénh 1éch
dién ap gittav, vav_ 16nhon, dan dén hiéu sudt nang
lwong gidam & vung dién ap cao. Biéu do6 histogram
clia cong sudt tiéu thu toan mach taiv, =2V v&i 1000
mau trong hinh 6B cho thiy, cong suit ciing c6 phan
bd gan giong phin bé chuin, véi gia tri trung binh
la 48,7 mW. Do l1éch chuin 1a 736,1 yW (chénh léch
khodng 1,5%), gid tri nho nhit va 1én nhat lan lwot
la 46,3 va 50,6 mW cho thay do tip trung cta két qua
thiét ké.

Vé&ihé thong thu thap nang lwgng budéc chan nhiéu
dAu vao 1a rat 1én vi hau hét noi 1ap dit gach dién tie

la nhirng noi c6 mat do6 nguoi di lai rat dong nén cdm
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Hinh 7. (A) Testbench thwc hién mé phong va (B) Két qua xac dinh PSRR cho LDO.

bién c6 thé nhan tin hiéu déng thoi tir nhiéu ngudn
tac dong. Do dd, thong s6 PSRR rat quan trong déi véi
LDO rng dung trong hé théng nay. Hinh 7A mo ta so
d6 mach dwoc thiét ké dé danh gia théng s6 PSRR cua
LDO. Hinh 7B thé hién két qua mo phong la do thi ca
théng s6 PSRR trén mién tin sé & ché d6 mo phong
ham truyén dat gitra dau ra va nguén dién ap dwa t&i
v.. O’ khu vyc tan s§ thdp (duéi 1 kHz), gia tri nay
gan nhw khong déi va dat 80,9 dB, nghia la kha ning
loai trir nhiéu ngudén & mic t6t va hoan toan dap ng
dwoc yéu cau cda hé thong thu thip ning lwong budéc
chan v&i tan s6 chi vai Hz nhw da dé cap.

Cac nghién ctru trudc day [12-14] khong st dung
tu dién dau ra dé giam thiéu dién tich va dong tinh
nhwng phai tra gia bang hé s6 nén nhiéu nguén PSRR
thap. Trong nghién ctru nay, do xac dinh diéu kién lam
viéc bi nhiéu 16m nén ching toi van st dung tu dé€ dam
bao gia tri PSRR. Két qua thuc hién trén céng nghé
GPDKO045 (45 nm CMOS) cho thiy, hiéu nang cua
mach t6t véi mic cong suit thip va PSRR cao, phu
hop cho rng dung cong suat thap nhw [oT, thiét bi deo
y sinh hay mang cam bién khéng déy.

4. Két luan

Nghién cru di phat trién thanh cong mo hinh
mach LDO danh cho hé thong thu thip nang luvong

tlr cdm bién ap dién, dwgc mo6 phong trén Cadence
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Virtuoso v&i cong nghé CMOS 45 nm. Két qua chirng
minh mach cé kha nang cung cip dién ap dau ra én
dinh, ddm bao hoat dong hiéu qua ngay ca trong
diéu kién nang lwong diu vao yéu va bién déng. Cac
thong s6 chinh nhw dién ap ra 0,9 V, dién ap roi 200
mV, PSRR dat 80,9 dB va cong sut tiéu thu 48,7 mW
tai v, =2,0 V khong chi dap (rng ma con vuot trdi so
véi yéu cau ciua cac hé thong cong suit thip. Phan
tich Monte Carlo v&i 1000 mAu x4c nhan dd tin cay
cao cia mach. K&t qua nghién ctru cho thiy, mach
LDO dwoc thiét ké c6 kha nang str dung tich hop vao
cac ing dung cung cip ning lwong xanh tir chuyén
dong cta nguoi, phwong tién giao théng cho cac
thiét bi IoT.

LO1 CAM ON

Nghién cru nay dwoc tai tro béi Quy Phat trién
Khoa hoc va Céng nghé Quoc gia (NAFOSTED) trong
bé tai ma s6 103.05-2021.71. Cac tac gid xin chén
thanh cadm on.
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