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Abstract. The design of low-power amplification integrated circuits (ICs) is significant
research in electronic engineering, particularly for wearable devices, data acquisition systems,
and continuous energy harvesting applications. In the IC design process, a set of files used in
the semiconductor industry to model the fabrication process and support IC design tools is
known as the process design kit (PDK). It can be said that PDKs play a crucial role in the
design process; recently, PDKs have been developed by many companies and have evolved
from dimensions of several hundred nanometers to just a few nanometers. Among these,
gpdk045 is widely used in both academic and industrial research. Therefore, we utilize this 45
nm technology to design a low-power, high-noise rejection operational amplifier. Simulation
results indicate that the total power consumption of the circuit is 0.84 mW, with a common-
mode rejection ratio (CMRR) of 56.4 dB and a power supply rejection ratio (PSRR) of 126.4
dB at low frequencies below 1 kHz. These results suggest that the proposed Op-amp can be
used to create active sensors for energy harvesting from footsteps or heart rate monitoring.
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Tom tit. Thiét ké mach tich hop (IC) khuéch dai cong suat thap 1a mot huéng nghién ciu
quan trong trong ky thuat dién tir, dac biét 1a cho céc thiét bi deo, hé thdng thu thap dit liéu va
cac ung dung thu thap nang luong lién tuc. Trong qua trinh thiét ké vi mach, mét tap hop cac
tép duoc sir dung trong nganh cong nghiép ban dian dé mé hinh héa quy trinh ché tao, hd tro
cac cong cu thiét ké IC, duoc goi 1a bo cong cu thiét ké quy trinh (PDK). C6 thé ndi, PDK
dong vai trd quan trong bac nhat trong qué trinh thiét ké; téi nay, PDK duogc phét trién boi
nhiéu cdng ty va cai tién tir kich thudc vai trim nanomet dén vai nanomet. Trong s6 do,
gpdk045 dugc sur dung rong rai trong cac nghién cttu hoc thuat va cong nghi¢p. Chinh vi vay,
ching toi s dung cong ngh¢ 45 nm nay dé thiét ké vi mach khuéch dai thuat toan cong suat
thap, d6 on dinh nhiéu cao. Két qua md phong cho thay cong suat tiéu thu toan mach 1a 0,84
mW, hé 86 nén ddng pha CMRR dat 56,4 dB va hé s loai trir nhidu ngubn PSRR dat 126,4
dB & tan sé thap dudi 1 kHz. Nhiing két qua nay cho thiy Op-amp duoc dé xuat trong nghién
ctru ndy c6 thé dugc sir dung dé tao ra cac cam bién tich cuc cho viéc thu thap ning luong tir
budc chan hoac do nhip tim.

Tur khoa: thiét ké vi mach, Op-amp, gpdk045, IC cdng suat thap.

@ 2025 Truong Dai hoc Giao thdng vdn tai

1. PAT VAN PE

Thé giéi dang nhanh chong hudng t6i thoi dai ky thuat sb hoan chinh véi su gia téng s6
luong thiét bi théng minh va c6ng nghé tién tién nhu Internet két noi van vat 10T (Internet of
things). 10T la su két noi cua hang triéu cac thict bi doc lap vai nhau thdng qua mang Internet.
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Céc thiét bj nay thu thap dit liéu vé cac thong sé va qua trinh vat 1y, sau dé dua dir liéu toi
may cha. Thi trudng thiét bi 10T thuc su bung nd khi cac ung dung cia chung gia ting manh
m& trén tat ca cac linh vuc nhu co so ha tang, tién ich gia dinh, y té ca nhan ... Mét trong
nhitng van dé rat quan trong trong hé thdng 1oT chinh 1a viéc can duoc cap ngudn chat luong
t6t, 6n dinh va hiéu suét cao [1,2]. Trong khi d6, cac thiét bi ki thuat s hién dai nhu dién
thoai thong minh, bong dén thong minh, bo diéu nhiét théng minh, cam bién théng minh .
cling c6 nhing thay d6i dang ké trong vai nim qua. Tuy nhién, hau hét cac thiét bi thong mlnh
déu can ngudn maot chiéu DC (Direct Current) dién &p thap dé hoat dong nham dam bao murc
tiéu thu ning luong thip trong kich thudc nho gon. Chinh vi vay, mach tich hop IC
(Integrated Circuit) cong suat thap & mot phan quan trong cua thiét bj dién tir hién dai vi nd
cho phép tuoi tho pin dai hon do muc tiéu thy nang luong thap hon. Diéu ndy c6 nghia 1a nhu
cau sir dung cac thiét bi chay bang pin ngay cang ting khién cac nha thiét ké chip can st dung
cac ky thuat khac nhau dé giam muc tiéu thu niang luong cua IC. D6 1a c6 thé 1a giam mac
tiéu thy ning lugng tinh va dong cua IC; hoic chi cap ngudn cho céc linh kién lién quan thay
vi cAp nguon toan mach [3-6].

O khia canh khac, bo khuéch dai thuat toan Op-amp (Operational Amplifier) 1a mach tich
hop da niang duogc sir dung rong réi trong nhiéu tng dung khéac nhau, bao gom khuéch dai tin
hiéu nho, loc tan sd, tao dao dong, cac phép toan sé hoc, va chuyén ddi tuong tu-s6; chuyén
d6i s6-twong tw. Nhitng nam gan day, cac kién tric Op-Amp méi da xuat hién [7-10] nham
nang cao chirc ning cua ching cho cac linh vyuc cy thé. M6t linh vuc nhu vay la thu thap nang
luong, luc nay Op-Amp déng vai trd quan trong vi 1a khéi xay dung co ban. Trong cac mach
dién tir thu thap nang luong budc chan, Op-Amp can phai dap Gmg cac dic diém riéng biét cua
tin hiéu dau vao Ia tin hiéu sau bo chuyén doi (thuong la cam bién ap dién [1,2,10]) c6 cuc
tinh thay d6i dwong/am lién tuc; tan s6 va bién do bién doi; tin hi¢u chinh c6 ¥ nghia khong
ndi troi so véi tin hiéu nhidu nén [2,11]. Chinh vi vay, trong tng dung ndy Op-Amp duoc yéu
cau do khuéch dai cao (vi cac tin hiéu dau vao vén rat yéu), kha nang chdng nhiéu cao (dé
dam bao thu nhan tin hiéu chinh xac va xtr Iy tiép theo), va tiéu thu néng luong thap. Op- Amp
c¢6 dic tinh nay ciling c6 thé duogc sir dung rong réi trong cac nén tang khac nhu linh vuc y té
v6i may theo ddi nhip tim (ECG), noi Op-Amp thudng duoc sir dung dé thu nhan tin hiéu
ECG do tim tao ra dé cho phép giam sét va chan doan chinh xéc tinh trang hoat dong cua tim.
T6m lai, nhitng nghién cau vé Op-Amp nhiam thuc day sy d6i méi linh hoat trong thiét ké va
ché tao mach dién tir cho cac thiét bi yéu cau cong suat thip nhu thu thap ning luong va chim
s6c sirc khoe 1a rat can thiét.

Bén canh do, viéc thiét ké vi mach ludn can dén cac cong cu mo phong dé giam thiéu thoi
gian thiét ké va du kién duoc két qua nham tién tai thiét ké duoc mach theo yéu cau dit trudc.
Hién tai c6 rat nhiéu cac phan mém cho phép thiét ké, mé phong mach tich hop; tuy nhién, cé
ba b phan mém manh nhét dugc gigi hoc thuat va cong nghiép uu dung la Cadence [12],
Synopsys [13] va Siemens [14]. Trong do, Synopsys la b cong cu manh cho phan vi mach
s0; Siemens (trudc day 1a Mentor Graphics) co chi phi ban quyén thip hon, ung dung tri tué
nhan tao nhiéu hon thudng dugc dung cho mach quy md nho, con Cadence 1a bd cong cu day
du cho phan vi mach twong tu va hdn hop véi cac cong doan tir tao so &6 mach, md phong,
layout dén t6i wu hoa va quan trong nhat 14 nhan duoc su tin cay hoan toan khi giri di san
Xuit. Vi Iy do dé, chung t6i lya chon sir dung Cadence Virtuoso, bé c¢ng cu chuyén danh cho
thiét ké vi mach twong tu trong nghién ciu nay.

Trong phan tlep theo chung t6i trinh bay két qua nghién cau thiét ké mach khuéch dai
thuat toan cong suat thap, do 6n dinh nhiéu cao sir dung gpdk045, mét bd cong cu quy trinh
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thiét ké PDK (Process Design Kit) mién phi cho nguoi diing do Cadence Design Systems phat
trién [12], ing dung cho viéc thu thap nang lugng budc chan.

2. THIET KE VI MACH KHUECH PAI THUAT TOAN CONG SUAT THAP
2.1. So 46 mach

B Op-amp la mot trong nhitng mach co s linh hoat va quan trong bac nhét trong thiét
ké mach tuong tu. Cac bo khuéch dai ndy ¢6 hé s6 khuéch dai lon va st dung hoi tiép am gitip
ham truyén vong Kkin hau nhu khong phu thugc vao h¢ s6 khuéch dai vong ho. Cac Op-amp
thuong dugc cau tric nhiéu tang khi can do khuéch dai cao hon. Tuy nhién, véi yéu cau cong
suat thap cho céc thiét bi loT hay thiét bi deo trong y té thi Op-amp dugc st dung pho bién
nhét 1a Op-amp hai ting. Mot phan lén d6 khuéch dai tong thé duoc cung cp boi tang dau
Va0 Vi sai, gilp cai thién hiéu suat nhiu va do léch. Cac mach phan cuc dam bao thiét 1ap
diém hoat dong thich hop cho mdi transistor trong trang thai tinh cua no, cu thé la trong mach
nay tat ca cac transistor déu hoat dong trong viing bao hoa. Thém nira, dé dat dugc hiéu suat
vong kin 6n dinh can thém dién dung Miler bang cach thém tu [3,15].

Hinh 1 thé hién cau tric caa Op-amp ma ching tdi thyuc hién trong nghién cau nay. Cau
trdc nay bao gom hai tang véi tang ¢au c6 NMO, NM1, PMO, PM1 tao thanh mach khuéch dai
vi sai, cap NM2 va NM3 tao thanh mach guong dong dé xac dinh dong tinh cin bang cho
mach vi sai. Dau ra l1a ting khuéch dai dém gém PM2 va NM4. Ty dién C2 lam nhiém vy hoi
tiép tir dau ra Vout dé bu dién dung Miller.

Hinh 1. So d6 mach Op-amp hai ting thong dung.
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2.2. Lwa chon cong cu thiét ké va cong nghé

Viéc thiét ké va mod phong vi mach tich hop twong tu hién nay thuong duoc tro gilp boi
Cadence Virtuoso nhu da phan tich ¢ trén vi la bg cong cu chuyén nghiép ban quyén dung cho
cdng nghi¢p voi do chinh xac rat cao va thong sé co the danh gia da dang. Tuy nhién, ciing c6
thé dung Ltspice [16] hay Qspice [17] la cac phan mém ma ngudn ma mién phi rat dé sir dung
nhung tinh tuong ddng véi qua trinh san xuat con han ché. Trong nghién cau nay, ching toi
thuc hién thiét ké so bo va mod phong co ban trén Qspice dé tiét kiém thoi gian. Sau khi c6 két
qua nhu mong doi ching tdi thuc hién mé phong chi tiét bang Cadence Virtuoso dé dam bao
do tin cay.

Giai phép giam thiéu cong suat cua chung t6i d& xuit trong nghién ciu nay 1a sir dung
transistor kich thuéc nho trén nén tang céng nghé 45 nm la gpdk045. Hon nita, dé ting do
chinh xac cho céc tinh toan thiét ké Iy thuyét ma can thong sé vat Iy cta thu vién sir dung,
chung toi da khao sét tirng loai transistor mot cach chi tiét. Hinh 2(a) 1a mét vi du vé so db
mach khao sat dong thoi hai loai transistor 1a pmos1v va pmos2v. Khi nay ching toi cai dit
ché @6 phan tich nhu hinh 2(b) va trich xuat dugc nhitng théng s6 quan trong sir dung trong
tinh toan ly thuyét nhu dién ap ngudng, do hd din hay do linh dong, dién dung giira cac cuc

.. nhu minh hoa trong hinh 2(c).

-]
:§
:
3
:
I

7 3
=00 = ¥ Elj

N
@

VBS | mogmi) | PMngl) | Momhey | PMOah(Y) |
.000 56.28E6 76.75 -274.1E-3 -183.1E3
777.8E3 54.29E6 SB.24E6 -288.9E-3 -202.7E-3
555.6E-3 4B36E6 3645E6 -339.8E3 -257.563
3333E3 45.83E6 31.82E6 -3784E3 296,563
-111.1E-3 441566 29.62E6 -409.6E-3 -327.363
11.1E3 42.85E6 28.26E6 436.3E-3 -3534E3

333E3 41.76E6 27.30E6 -459.9E-3 376,13

S5.6E3 40.82E6 26.56E6 481.1E-3 39642

77.8E3 39.99E6 25.95E6 -S00.56-3 414.8E

000 39.23E6 2547E6 -5184E-3 431.7E= (C)

Lty s

wow -

|8 e [ [~ [or o | o [ |~ |

=~

Hinh 2. Mot so d6 mach khao sét thong s cho pmos1v va pmos2v (a); bang khai béo bién, ché do mo
phong va cac dau ra (b) va bang so liéu xuat ra (c). Gia tri trong hinh la dix li¢u trich xuat tir phan
mém, dé dam bao tinh chan thuc cua dit liéu, chdng téi khéng stra noi dung nay theo kiéu tiéng Viét.

Bén canh viéc xac dinh céc thdng sé tai cac gia tri bién cai dit, Cadence Virtuoso con cé
cac ché do moé phong véi nhiéu cac tham so chay khac nhu mét vi du trong hinh 3(a) va danh
gla két qua tinh toan véi cac diéu kién ngau nhién khéc nhau cua qua trinh san xuit théng qua
ché d6 md phong MonteCarlo nhu vi du trong hinh 3(b). Cac két qua md phong trong hinh 3
1a cin ctr &é lya chon gia tri t6i wu hay danh gia két qua dat dugc c6 thoa man yéu cau hay
khong.

Sau khi ¢6 cac bang thong sb trich xuat tir phan mém mé phong, ching t6i lra chon loai
transistor nmos2v va pmos2v cho thiét ké 1; nmos1v va pmosiv cho thiét ké 2. Gigi han chiéu
dai, chiéu rong kénh dan cua loai mos2v lan luot |4 tir 150 nm dén 10 pm va 320 nm dén 10
um, di¢n ap ngudn cap 16n nhat 1a 1,8 V; véi loai moslv thi cac gia tri twong ng la 45 nm
dén 10 pm va 120 nm dén 10 pm, dién ap ngudn I6n nhat a11Vv [12]. Ly do chon céc loai
transistor ndy 1a chung c6 kich thuéc nho, sir dung ngudn dién &p thap va quan trong nhat Ia
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cac duong dac tuyen trong dong vai ly thuyét tinh toan co ban nén néu s dung ching s&
giam thiéu cong suat tiéu thu va ting d6 chinh xéac cho thiét ké hon cac loai transistor khac.

/D
/D
/D
/D
/D
/D
/D
/D
/D
/D
/D
/D
/D
/D

Hinh 3. Két qaa mo phong su phu thugc ciia dong cuc mang Ip vao dién ap Vps Vi cac gid tri chiéu
dai kénh dan khac nhau (a). Panh gia d chinh xac cua dién ap ngudng theo nhiing thay ddi vat ly
ngau nhién cua qué trinh san xuat théng qua ché do mé phong MonteCarlo (b). Gia tri trong hinh 1a di
liéu trich xuat tir phan mém, dé dam bao tinh chan thuc cua dit liéu, ching tdi khdng stra ndi dung nay
theo kiéu tiéng Viét.

2.3. Lua chon kich thuéc cta transistor

Vi cau hinh ciia mach Op-amp ching toi lra chon 1a mach don gian, sir dung it transistor
cho muc tiéu giam cong suat nén viéc tinh toan so b kich thudc cua transistor dugc thuc hién
nhu dugc md ta trong nhiéu tai liéu [3,9].

Str dung phan mém mé phong vai bang kich thudc tinh bang ly thuyét thi két qua co su
sai léch so véi gié tri ky vong. Vi vay, ching t6i da thyc hién viéc dat tham sb dé diéu chinh
gia tri va chung t6i da c6 bang 1 thé hién kich thudc cua céc transistor chinh trong so do mach
6 hinh 1.

Bang 1. Kich thuéc ctia c4c phan tir chinh trong so dd mach ¢ hinh 1.

Ky hiéu MOSFET Ti s6 (W/L) Gia tri chon
NMO, NM1 8 L=05um; W=4,0pum
PMO, PM1 2 L=0,5um; W=1,0um
NM2, NM3 3 L=05um;W=15pum
PM2 72 L =0,5um; W =36,0 um
NM4 48 L=0,5um; W =240 um
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3. KET QUA MO PHONG THIET KE MACH OP-AMP

3.1. Tao bang kiém tra va cai dit ché d6 mé phong

Dé khao sét thong sé ciia mach vira thiét ké ching toi tao cac testbench véi cac diéu kién
dau vao phu hop voi méi loai théng sé nhu vi du trong hinh 4 1a so dd testbench md phong
dang dién ap vao ra trén cac cura cua Op-amp. Khi nay dang tin hiéu vao ra dugc thé hién
trong hinh 5(a). O che d6 mo phong thoi gian thyc nay c6 thé thay ngay mach hoat dong tot
tin hiéu ra ti I¢ tuyén tinh véi tin hiéu vao. Be thé hién sy phu thudc vao tan sb cua hé sb
khuéch dai can thuc hién mé phong trong mién tan sé véi ché do md phong ac va nhan duoc
két qua nhu thé hién trong hinh 5(b).

Hinh 4. Testbench cua mét khao séat thong sé mach.

Hinh 5. Dang tin hiéu vao ra trén mién thoi gian (a) va Bac tuyén do loi theo tan s6 (b). Gia tri
trong hinh la di li¢u trich xuat tir phan mém, d€ dam bao tinh chan thyc cua dit li¢u, chiing toi khong
sua noi dung nay theo kiéu tieng Viét.
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Twong tu, mot s6 két qua md phong dugc thé hién trong hinh 6 voi dac tuyén thé hién he
s6 loai trir nhidu ngudn PSRR (Power Supply Rejection Ratio) 1a hé sé loai bo nhiéu trén
dudng cap ngudn. Testbench khi nay can duoc bd sung thém mot ngudn nhidu vao ngudn cp
mat chiéu. Trong truong hop ly tudng, PSRR cua mot Op-amp 1a vo cling 16n, nghia 1a bét ky
thay d6i nao vé dién ap ngudn déu khong anh huéng dén dau ra. Trén thuc té, PSRR c6 gia tri
hitu han, nghia la Op-amp chi c6 thé loai bd mot phan nhiéu tir ngudn va PSRR giam khi tan
s6 tang 1én. O dai tan sb thap, PSRR cua Op-amp dé xuat dat mic cao (khoang 116 dB tai tan
s6 1 kHz). Biéu nay cho thdy Op-amp dé xuat c6 kha ning loai bé nhidu ngudn rat tot ¢ tan sé
thip; nghia 1a rat phd hop véi tng dung thu thap ning luong budc chan véi tin hiéu theo nhip
do viéc di hay chay b tao ra tan sb chi du6i 1 kHz [1,2].

3.2. So sanh véi cac nghién ciru khac

Véi muc tiéu thiét ké Op-amp dugc tng dung trong linh vuc c¢ng suat thap, tan s6 dau
vao thap, d bat dinh cao nhu linh vuc thu thap ning luong va dién ta y sinh, chung t6i da
thuc hién cac thiét ké voi cac loai MOSFET MOS2v va MOSIv trong thu vién gpdk045.
Chuing t6i da thu dugc két qua nhu thé hién trong bang 2 clng céc két qua nghién ctu khac
cling str dung gpdk045.

9] 10
freq (Hz)

10
freq (Hz)

Hinh 6. Djc tuyén bién do-pha trén mién tan s6 dé xéc dinh I¢ pha (a) va dic tuyén PSRR theo
tan so (b). Gid tri trong hinh la dix liéu trich xuat tir phan mém, dé dam bao tinh chan thuc cua dir liéu,
chdng t6i khdng stra noi dung nay theo kiéu tiéng Viét.
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Bang 2. Bang gia tri cac thdng sé caa mach Op-amp véi cac nghién cau khac nhau.

) Nghién Nghién
Thong so (don vi) Emon[18] Deepak[19] Reddy[9] ciru nay cwu nay
véi mos2v - véi moslv

Nguén dién ap Voo (V) 0,6 NA 1,8 1,6 1,1
Hé sé khuéch dai mét chiéu
DC gain (dB) NA 59,9 45 53 46,9
Lé pha
Phase margin (deg) NA 656 » 68 62.3
Téc do quay
0,67 NA 20 25 23,7
Slew rate (V/us)
Hé sé nén dong pha
60 NA NA 63 56,4
CMRR (dB)
C6ng suit tiéu tan
NA 1,67 NA 15 0,84
I:)diss (mW)
Heé s loai trir nhiéu nguén
60 NA NA 85,5 126,4
PSRR (dB)
D9 loi bing thong
1,25 30 55 52 58,6

GBW (MH?z)

NA (Not Available): di liéu khéng dwoc dé cap.

Két qua trong bang 2 chi ra rang két qua nghién ctu cua ching t6i cd thé so sanh véi cac
nghién ciru trude d6 ¢ nhiéu cac théng sb. Cu thé 1 vai viéc sir dung nmos2v va pmos2v, Op-
amp chung toi thiét ké c6 gia tri 1& pha 12 68 deg, cao hon gia tri on dinh yéu cau la 60 deg cua
hé théng thong thuong [3], thap hon so véi nghién ctu cia Reddy [9]. Bén canh do, toc do
quay cao hon dang ké cac nghién ctu khac, 1&n téi 25 puV/s, thé hién tinh dap ng nhanh cua
mach. Gi4 tri hé sb nén ddng pha CMRR (Common-Mode Rejection Ratio) cia mach ciing
dat mirc cao 1a 63 dB, cho thay kha ning loai bo nhiu déng pha cua mach tét.

Vi thiét ké stir dung nmoslv va pmoslv, Op-amp ching toi thiét ké dat duoc cac gia tri
vuot troi & muc tiéu thu cdng suat, hé sé PSRR va do loi bang thong GBW lan luot 13 0,84
mW; 126,4 dB va 58,6 MHz. Véi céac thdng sb khac, nghién ciu cia Emon va cong su [18]
dat gia tri sir dung ngudn mét chiéu thap nhat 1a 0,6 V va nghién ciu cia Deepak cling cong
su [19] c6 d6 loi mét chiéu cao nhat 1a gan 60 dB.

4. KET LUAN
Nhitng nghién ctru vé thiét ké IC cong suat thap cho linh vyc thu thap ning luong, IoT va
thict bi deo y t€ 1a rat can thiét. Trén co s¢ ly thuyét sir dung cau hinh don gian, chung t6i da

khao sat thu vién gpdk045 dé Iya chon loai MOSFET hop ly va két hop vo1 chuong trinh mo
phong dé xac dinh kich thudc ctia cac transistor nham dat duogc cac thong s6 phu hop voi ing

195



Tap chi Khoa hoc Giao théng van tai, Tap 76, S 02 (02/2025), 187-197

dung du kién. Thiét ké Op-amp v6i nmoslv va pmoslv dat duge gia tri cong suét thip hon
cac nghién ctru truge do rt nhiéu trong khi murc loai bé nhiéu nguén PSRR lai rat cao & khu
vuc tan sb thap, cac gia tri tuong ung la 0,84 mW va 126,4 dB. Vi céc gia tri dat duoc nay,
Op-amp c6 thé duogc sir dung trong cic mach cam bién tich cuc dé thu thap ning luong budc
chan hay thiét bi deo y té nhu giam sat nhip tim.
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