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PHAN MO PAU

Tinh cip thiét caa dé tai

Trong bdi canh cudc Cach mang cong nghiép lan thi tu va sy
chuyén dich ctia hinh théi chién tranh hién dai sang tac chién phi dbi
xung, st dung UAV cam tir, dan lugn thong minh va cac phuong tién
gy nhidu dién tir, cac hé thong ra-da truyén thong boc 16 nhidu han
ché khi phai phat hién muyc ti€u nho, co dong, co tiét dién phan xa thép
trong moi truong nhidu phirc tap. Ra-da phén giai cao (HRR) ra doi dé
dap tng cac yéu cau do, tuy nhién chinh cac dic tinh cong nghé mang
lai wru thé phén giai, bang théng rong, ng-ten mang pha, xir Iy da kénh,
dong thoi 1am gia ting d6 nhay cam véi nhidu, khién bai toan xir ly
nhiéu tré thanh yéu tb quyét dinh d6 chinh xac va do 6n dinh cta toan
bd chudi xtr Iy tin hiéu.

Luan an tap trung vao hai nhém nhiém vu trong yéu: giam sat tim
thap (phat hién UAV c¢& nho véi nhiéu pha do tin hiéu 1o trong ra-da
FMCW va nhiéu roi rac tir chim, phuong tién mat dét) va canh gioi
tam xa (x{r I nén nhiu hdn hop phi Gauss, khong dong nhat gdbm
nhidu dja vat, nhiéu bién, nhidu khi twong).

Muc tiéu nghién ciru

(1) Pé xuét giai phap giam nhiéu pha trong ra-da FMCW thong qua
t6i uru hoa thiét ké phan cimg dng-ten c6 hé sb cach ly cao;

(2) Xay dung phuong phap giam nhiéu roi rac va phan loai UAV
dua trén dic trung vi ddp-le va mo hinh hoc may;

(3) Phat trién phuong phap xir Iy da bap song két hop phat hién thich
nghi CFAR hai giai doan cho ra-da xung;

(4) Kiém chimg cac giai phap dé xuét trén hé théng ra-da thyc.

Poi twgng, pham vi va phuong phip nghién ctru

Déi twong 13 cac hé thong HRR thudc hai nhom: ra-da FMCW va



ra-da xung.

Pham vi xét ba dang nhiéu: nhiéu pha noi tai, nhiéu roi rac va nhiéu
hon hop phi Gauss.

Logic thong nhat: mdi dang nhiéu duoc xir 1y tai tang tuong ng
v6i ngudn gdc phat sinh (cao tan, dic trung, phat hién thich nghi).
Nhiéu tich cuc va nhilu tiéu cuc c6 to chirc thude linh vuc tac chién
dién tir, khong thudc pham vi luan 4n; gidi han cia timg két qua duoc
néu tai Muc 2.2.3 va Muc 3.3.

Phwong phdp nghién citu: luan an tich hgp bén nhom phuong
phap: phan tich 1y thuyét va mo6 phong (kiém chimg bang mé phong
dién tir trude khi ché tao); thiét ké, ché tao va tich hop céac cAu tric cao
tan méi vao hé thong ra-da thyc; xir 1y tin hiéu thich nghi két hop hoc
may (dic trung vi ddp-le, phan cum HDBSCAN, x4p xi Bernstein,
Random Forest); thuc nghi€m trén cac dai ra-da dang van hanh.

Pong gép mdéi cia lujn an

(1) Cau tric ang-ten khe ong din séng dinh hudng cao tich hop
ludi loc phan cuc, dat hé sb cach ly phat-thu 85 dB, lam giam nhiéu
pha trong ra-da FMCW.

(2) Chudi xir Iy DDDCR khai thac déc trung vi dop-le két hop ban do
giao thong va mo hinh hoc may dé loc nhiéu roi rac va phéan loai UAV.

(3) Thuat toan da bip song két hgp CFAR hai giai doan, st dung
phan cum HDBSCAN va xdp xi PDF phi Gauss bang da thic
Bernstein.

Kiém chirng thye nghiém

Trén ra-da FMCW phat hién DJI Phantom 4 ¢ 3,5 km véi P, = 0,7
va Prg < 107*, loai bé 97% nhiéu roi rac, phan loai diing 100% drone
trong pham vi cac kich ban tht nghiém tai Hoa Lac; trén ra-da xung
3D tam 360 km, SNR ting khoang 8 dB (tai cu ly 70 km, trén duong



bay thir nghiém duogc cip phép) va bao dong 1am giam > 90% so véi
CA-CFAR.

Y nghia khoa hoc va thue tién

Thir nhit, doi véi ra-da FMCW tam thdp, luan an dé xuit va kiém
ching phuong phéap giam nhiu pha tir hudng tiép can thiét ké phan
cling ang-ten, khic phuc khoang trong ciia cac nghién ctru trude day
vbn chu yéu tap trung vao xir Iy ¢ khdi phat hodc hau xir 1y tin hiéu;
dong thoi phat trién chudi xir 1y tich hop dic trung vi dép-le két hop
hoc may dé phan loai UAV. Nguyén mau ra-da FMCW tich hop ang-
ten dé xuét dat hé sb cach ly 85 dB (vuot yéu cau 82,25 dB tinh cho
c4u hinh dai 8.900+9.500 MHz, tam 12 km), phat hién 6n dinh muc
tiéu DJI Phantom 4 & cu ly 3,5 km véi xac sudt phat hién P, = 0,7 va
Prq < 10~*. Phuong phép phan loai UAV (DJI Phantom 4, Hoa Lac)
loai bé 97% nhicu roi rac va phan loai chinh xac 100% drone; dat tam
phan loai 3,5 km (cit ngang) va 1,7 km (bay doc), ci thién gap 1,6+3,2
lan tiy kich ban bay so véi ra-da thuong mai tham chiéu Elvira.

Thir hai, doi vdi ra-da xung cinh gidi tim xa, luan an xay dung
mo hinh phat hién thich nghi dya trén phan cum HDBSCAN va x4p xi
phan bd xac suit bang da thirc Bernstein, cho phép thich &ng véi méi
truong nhidu phi Gauss ma khong phu thudc gia thiét phan bd cho
trugc. Két hop da bip song cai thién SNR khoang 8 dB (tai cu ly 70
km, trén dudng bay thir nghiém dugc cip phép), phuong phap CFAR
hai giai doan giam hon 90% s6 bao dong 1am so v6i CA-CFAR truyén
thong va dap tmg yéu cau thoi gian thyc trén ra-da canh gidi 3D tim
360 km.

Thir ba, cic két qua nghién ciru da dugc cong bd trén 02 tap chi va
04 hoi nghi khoa hoc uy tin qudc té, dong thoi duoc cap 01 bang doc

quyén sang ché trong nudc. Céc giai phap di duoc trién khai trén cac



hé thong ra-da dang van hanh, gop phan tu chii cong nghé qudc phong.

Chuong 1
TONG QUAN VE LOC NHIEU RA-PA PHAN GIAI CAO VA
XAC PINH NOI DUNG KHOA HQC CAN GIAI QUYET
TRONG LUAN AN

1.1 Phan loai nhiéu trong ra-da phan giii cao

1.1.1 Nguyén Iy dat d¢ phén gidi cao va tinh nhay cim véi nhiéu

Ra-da phan giai cao (HRR) dat duoc do phén giai cao theo cé chiéu
cu ly, goc va van tdc thong qua ba yéu td cong nghé: (1) tin hiéu bang
thong rong véi k¥ thuat nén xung LFM hodc ma pha ddi véi ra-da xung,
hoic tin hiéu FMCW két hop phan tich tan s6 phach dbi véi ra-da diéu
tan lién tuc; (2) cdu truc dng-ten mang pha chu dong (AESA) cho phép
diéu khién bup séng linh hoat va hinh thanh ddng thoi nhidu bap song
doc l1ap; (3) ky thuat xur 1y tin hi€u hién dai nhu xtr Iy khong gian-thoi
gian, loc thich nghi va phat hién thich nghi. Tuy nhién, chinh céac dac
diém nay lai 1am gia ting mirc d6 nhay cam vai nhiéu: bang thong rong
ti 16 thuén voi cong sut nhidu nhiét, bup song hep ting do nhay véi sai
léch pha, cdu hinh da kénh dit ra thach thirc vé nhidu chéo va dong bo.

1.1.2 Phdén loai nhiéu theo nguon géc

Theo nguén gbc, nhidu duge chia thanh:

Tap ndi bj (nhiéu pha): phat sinh tir dao dong ngau nhién trong
pha tin hiéu sébng mang do bt 6n cua bo tao dao dong noi (LO) va cac
ting nhan tan, tao thanh phin phd phu xung quanh tin s trung tam,
nang nén nhidu va thu hep dai dong. Trong ra-da FMCW, nhiéu pha
dac biét nghiém trong do tin hiéu thu tron tryc tiép véi tin hi€u phat:
su khong tuong quan pha do tré truyén song tao nhiu du trong phod

tin hi¢u tan so phach.



Nhiéu tiéu cwe (nhiéu méi truomg): phat sinh khi tin hiéu phan xa
trén cac vat thé khong phai muc tiéu, bao gdm nhiéu bé mat (dia hinh, mat
bién), nhidu thé tich (khi twong), va nhidu roi rac diém (chim, con tring,
cong trinh) rat d& bi nham véi muc tiéu thuc ...

Nhiéu tich cwe: tao ra bang cac ngudn ning lugng dién tir bén
ngodi (mdy phat gay nhiéu, ra-da 1an can).

Luan an chon nhiu theo hai tiéu chi: (1) chi phdi chat lugng phat
hién cua ra-da FMCW tdm thip va ra-da xung tam xa; (2) xit 1y duoc
bang bién phap ky thuat trong chudi thu-phat, xir 1y tin hiéu va phat
hién. Do d6 nhiéu tiéu cuc c6 td chie va nhiéu tich cuc khong thudc
pham vi nghién ctru; ba nhém trong tim la nhiéu pha, nhiéu roi rac
(dic trung van tdc, RCS, vi ddp-le trung lip cao véi drone) va nhidu
hdn hop phi Gauss.

Lun an xac dinh hai huéng nghién ciru:

(1) Xir Iy nhiéu pha va nhiéu roi rac trong ra-da FMCW, noi tin hiéu
10 gdy nhiéu pha noi tai va drone (RCS ~ 0,01m?) phai dugc tach khoi
nén nhiéu tir chim, 6 t0, xe may,

(2) Xt Iy nhiéu hon hop trong ra-da xung canh gidi, noi nhidu dia v,
bién, khi tuong chong chét tao nén phi Gauss, khong dong nht.

1.2 Téng quan cac cong trinh va xac dinh bai toan

1.2.1 Nhiéu pha é tang cao tin trong ra-da FMCW

Trong nudc: chua ghi nhan cong bd han ché nhiéu pha do tin hiéu
ro bang nang cao hé s cach ly tir khau thiét ké dng-ten; cac két qua
kiém soat tin hiéu ro chu yéu la giai phap k¥ thuat ndi bg, chua dugc
cong bd.

Trén thé gi6i, cac nghién ciru tiép cén theo nhidu hudng: triét ro
mién RF bang IQ-Mixer (Chen, Niknejad, 2024), oversampling +
NCO (Park, 2017), bd téng hogp ADPLL véi TDC (Weyer, 2018), tdi



wu PLL (Siddiq, 2019), giai bai toan ngugc qua duong tré (Rezaei,
2020), khai thac dbi ximg phd (Cooper, 2021), kiém soat hai bac cao
(El-Awamry, 2025). Mic du dat cai thién 15+20 dB, cac giai phap déu
tang dang ké do phirc tap phan cting hodc xir 1y sb.

Khodng trong, bai todn thir nhit: Huong thiét ké ang-ten thu-phat
c6 hé sb cach ly cao chua duoc khai thac hé thong. Can xdy dung ciu
tric ang-ten dap tng cach ly ma khong gia taing d6 phuc tap. Noi dung
trinh bay trong Chuong 2, Muc 2.1.

1.2.2 Nhiéu roi rac 6 tang dic trung trong ra-da FMCW

Trong mwde: nhan dang drone qua tin hidu vo tuyén diéu khién
(Nguyén Vin Béc) phu thudc phat xa ctia drone; cac cong trinh vi ddp-
le (Nguyén Ngoc Binh, Lé Hai) thuc hién ¢ cy ly vai mét, trong nha,
chua xét nhiéu roi rac tir chim, phwong tién giao thong.

Trén thé gidi, cac phuong phap gom phan biét chim/con tring
(Martin & Shapiro), SVM (Zaugg), K-SVD (Wei-Kun He), phan cuc
(Jatau), Naive Bayes + LSTM, CNN (GoogLeNet), Random Forest
(Jia Liu). Hau hét yéu cau chiéu xa lién tuc, ra-da phan cuc hodc chi
phi tinh toan 16n, chua xir 1y ddy du nhiéu tir phwong tién mat dat.

Khodng trong, bai todn thir hai: Can phuong phap giam nhidu roi
rac dua trén dic trung chuyén dong va vi ddp-le, phan tach drone khoi
cac do6i tugng gy nhiéu roi rac, trong tdm la phuong ti€n mat dét, chi
phi tinh toan hop ly. Noi dung trinh bay trong Chuwong 2, Muc 2.2.

1.2.3 Nhiéu hén hop 6 tang phdt hién trong ra-da xung

Trong nuoc: danh gia CFAR cho ra-da thu dong DVB-T/DVB-T2
(Nguyén Manh Cuong, Nguyén Tién Hai) bang mé phong, mdi kich
ban mot phan bd nhidu don 1é, chua xét nén nhiéu hdn hop cuia ra-da
xung canh gidi thuc.

Trén thé giéi, bén nhom phuong phap: MTI/MTD; cac bién thé



CFAR Gauss (CA, OS, GO/SO, TM, GM); CFAR phi Gauss (Weibull,
K, Gamma, compound-Gauss, FSNF, MLG, HCE); CFAR + hoc may
(SVM-CFAR, 3D-DCNN, CK-CFAR). K¥ thuat da bup séng sé cho
phép tao null theo hudng nhidu nhung chua két hop day du voi phat
hién thich nghi.

Khodng trong, bai todn thir ba: Can phuong phap két hop da bup
song nang cao SNR vai CFAR hai giai doan dya trén phan cum
HDBSCAN va xap xi Bernstein. Noi dung trinh bay trong churong 3.

Két luin chwong

Trén co sé phan tich va tong hop ¢ hé théng, churong I di chi ra ba
bai toan nghién ctru.

Vé co sé khoa hoc, chirong 1 ludn giai mbi quan hé bién chimg gitra
dac tinh cong nghé va tinh nhay cam véi nhiéu cia HRR.

Vé khodng trong khoa hoc, két qua khao sat cac cong trinh trong va
ngoai nudc cho thay: (1) giai phap giam nhiéu pha chu yéu ¢ khéi phat
hodc hau xir 1y, huéng thiét ké ang-ten chua dugc khai thac day du; (2)
nghién ctru nhiéu roi rac chua giai quyét bai toan phat hién drone trong
mdi trudng hdn hop véi rang bude chiéu xa ngin; (3) phuong phap
CFAR truyén théng phu thudc gia dinh phan bd, chua két hop hiéu qua

véi da bup song.

Chuong 2
PE XUAT GIAI PHAP GIAM NHIEU PHA, NHIEU ROI RAC
NANG CAO CHAT LUQNG DPAI RA-PA FMCW
2.1 Nhiéu pha va dé xuét giai phap giam nhiéu pha
2.1.1 Mo hinh todan hoc
So d6 khdi hé théng ra-da FMCW (Hinh 2-1) str dung kién tric may
thu tron tan. Tin hiéu phat LFM tai cong LO (cong thirc 2.2); tin hiéu



thu tai cong RF gom thanh phan rd va phan xa tir K myc tiéu (cong thirc
2.3). Phén tich nhiu pha sau tron FMCW (cong thirc 2.4-2.11) cho thay
hai co ché: (1) thanh phan "khdng twong quan" (ps(t) — @s(t — Tint))
triét theo cu ly khi tint nho; (2) cac bo LO RF ddc lap phét sinh nhiéu
pha khong bi triét, lan tod trén toan phé tan sb phéch, nang san nhiéu va

che l4p tin hiéu phan xa tir myc tiéu RCS thap.

Muc tiéu W’
Ty \
Tin hiéu do
______________ > S
“ Tg?mg cao Tﬁng cao }
TX path tan phat tan thu TRX path
(TX RF) (RX RF)

Dj tré

duong phat D) tre duong thu

Tint. = Trx peth + TRX path
- Two pan (DO trE i tai)

D tré duomg LO ¢ 1Y

Bo tao Tépg trung Tfu}g trung | y Xu ly
tinhigu | tan phat tan thu i tin hi¢u
tham do LFM (TX IF) (RXIF) processing

Hinh 2-1. So' d6 khdi ciia ra-da FMCW

2.1.2 Yéu cau dinh lwong

T chudi tinh toan mat do nhidu nhiét, SNR ADC, mat do nhiéu nén,
do loi xtr Iy FFT (cong thic 2.12 dén 2.19), x4c dinh hé sb cach ly ti
thieu:  IS04nt > Ppnasenoise + Grx — Pminimputapc  (2:20). Vi
Pphasenoise = —58,95 dBm, GRX =50dB,  Ppinmputanc =
—91,2dBm = Iso,,,; > 82,25 dB (Bdng 2-1).

2.1.3 Thiét ké xi Iy tin higu sé

Tin hiéu tin sé phach tir dau ra khdi thu dwoc s6 hoa qua hai kénh
ADC 16-bit, di qua khéi hiéu chinh IQ, b loc thong dai, 10 vao Range
FFT (Hinh 2-2). Dau ra chia hai nhanh: nhanh chinh qua MTI va MTD,
nhanh phu qua xtr 1y video; ca hai hoi tu tai by phat hién CFAR. Toan
b¢ trién khai trén FPGA két hop DSP. Cac tham s6 Nygp gerrr, Npyise



va ngudong CFAR xac dinh mrc tin hi€u t61 thiéu ma hé théng can dat.

MAC] [4—
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Hinh 2-2. Thiét ké xir Iy tin hiéu s6 cho ra-da FMCW
2.1.4 Thiét ké ing-ten ming khe éng din séng

Bon giai phap trién khai dong thoi:

(1) Mang khe 6ng dan séng: chon N = 104, d = 0,47, Larray ~
1970 mm, dat 6345 = 1,2°, SLL = 30,6 dB. Vi dge, = 200 mm,
dat IsOspace = 72,6 dB; vugt 200 mm 1SOgpace gan nhu khong tang (ro
bién chi phéi), phan thiéu 9,65 dB dugc bu bang mat ma loa.

(2) Mit mé loa chan nhidu xa: chin ro bién, haare can bang giita
cach ly va do rong bup goc ta; voi hjqre = 75mm, dat HPBW goc ta
20,7°, ISOporn = 17,4 B, IS0y, tong cong ~ 90 dB (Hinh 2-4).

(3) Khe trén thanh hep: hai bac tw do & va @ giam hé s6 pham chat
Q, mdrong S1; < —20 dB trén dai 600 MHz, gép 2,4 1an so v6i khe
thanh rong (Hinh 2-5).

(4) Ludi loc phan cuc kim loai: voi p = 10 mm, w = 4 mm, suy
giam phan cuc chéo 19,8 dB (Hinh 2-6).

Két qua mo phong ddi chiéu (Bang 2-2): Iso4,, = 90 dB; do loi 30,3
dBi: 0545 = 1,2°; biang théng 600 MHz. Do kiém thyc t& (Hinh 2-8) cho
hé s6 cach ly TX/RX dat 85 dB trén toan dai 8.900-9.500 MHz, vugt yéu
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cau 82,25 dB va cao hon 5 dB so véi dng-ten vi dai truyén thong,

Pwr 25 dBm Bw 10 kHz

Hinh 2-8. Két qua do hé s cach ly giira ding-ten Phat va Thu

So voi cac giai phap da cong bd, phuong phap dé xuat triét tin hicu
10 ngay trudc LNA, bao toan dai dong cho toan bd chudi xir 1y va giam
d6 phuc tap phan ctimg. Giai phap ang-ten dat 85 dB trén bing rong
600 MHz, khong doi héi thut toan xir 1y bd sung.

2.2 Nhiéu roi rac va giai phap dé xuét

a. Phan tich ddc trung va xdy dung co so dir liéu thuc nghiém

Mb hinh dong hoc muc tiéu (cac cong thire (2.23)-(2.40)) tach tan sb ddp-
le tong hop thanh thanh phan tinh tién (2f /¢). v,qgiq; va thanh phan vi dp-
le (2f /). [w. V]yqqia; do phép quay clia cac diém phén tan trén muc tiéu.
Vi dbp-le f,,p phu thudc ddng thoi vao van toe goc 2, vi tri 7 va hudng
quan st n, tao ra chit ky vi dép-le diic trung cho mdi loai muc tiéu.

Str dung thiét bi quang-dién ttr két hop ra-da, NCS thu thap 26.800
mau quy dao trén bon 16p (chim, tryc thing, 6-t0, drone). Bon dic
trung dong hoc (Vimean, Vstar hsea» 0) duoc trich xuét cho thay chi truc
thang co thé phén biét dugc nho véin tde vuot trdi; voi drone va 6-
t6/chim, dai van tdc chong 14p gan nhu hoan toan (drone 1+11 my/s; 6-
to 2+12 m/s; chim 2+8 m/s).
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Phan tich ph6 d6p-le trén 20.000 mau (10.000 drone + 10.000 nhiéu
roi rac) trong cu ly 1,7 km cho thiy nhiéu rdi rac c6 phd ddp-le hep
tap trung & 2-3 band lién ké, trong khi drone c6 phd trai rong do chuyén
dong canh quat. Hai dac trung dugc dinh nghia: Af, (2.41) va g, o
(2.42) qua M = 5 vong quét. Phan bd hai dic trung nay cho nhiéu rdi
rac tap trung & ving gia tri thap (Afp ~ 2, 0, fp = 1 + 2), drone dich
sang vung cao (Afp = 6,0, fp = 3 =+ 4), tao ra tach biét thong ké 10 rang
(Hinh 2-13).

Ban d6 duong giao thong duoc xdy dung tir OpenStreetMap (cac
cong thirc (2.43)-(2.47)) v6i do phan giai 1 m/pixel khép voi phan giai
cu ly nghiéng ctia ra-da. Thong ké 10.676 mau khoang cach va 9.311
mau huéng di chuyén tr 380 muc tiéu nhiéu roi rac cho thz"iy da s6 tap
trung trong pham vi 30 m tir tuyén duong va léch hudéng < 30° (Hinkh
2-15). Hai ngudng nay dugc chon lam tiéu chi phan biét - drone (bay
tu do) thuong khong thoa mén ddng thoi ca hai.

0.6
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Hinh 2-15. Phan b6 xéc suét ciia géc 1éch hwéng di chuyén (trai) va

khoang cich dén tuyén dwong gin nhit (phai) ciia nhiéu roi rac

b. Mé-dun DDDCR
Mo6-dun DDDCR (Drone Detection and Discrete Clutter

Reduction) duoc tich hgp nhu khdi xtr Iy hau trong chudi xir Iy FMCW
(Hinh 2-16), gdm cac thanh phan:

CORE - trich xuat dic trung (cu ly, phuong vi, van téc dop-le, bién
dd) vatinh (4fp, 04 fD) cung quy dao tir M = 5 vong quét lién tiép.
SERVER - diéu phoi dir li€u, phan phoi song song dén hai mé hinh
phan loai va luu lich st trong Cache Data.

Random Forest Model (RFM) - rimg ngau nhién 20 cay, huin
luyén trén 20.000 mAu, ding (4fp, oar ) dé phan loai Drone/Nhiéu
roi rac khi R < 1,7 km.

Street Model (SM) - kiém tra trang thai "gan dirong" (clra SO vudng
canh 60 m) va danh gia hudng chuyén dong (cira sO truot k = 5,
ngudng 30°) trong N = 15 vong quét; ap dung cho toan cu ly < 12 km.
Top Model - tong hop két qua tir RFM va SM theo logic phan cap
két hop quy tic 6n dinh MN (M = 6, N = 10) dé dwa ra nhin cudi:

Drone, Nhiéu ri rac, hoic Khéng xac dinh.
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Hinh 2-16. Thiét ké ciia md-dun phén loai DDDCR

Tai dia ban chua c6 dit liéu OpenStreetMap, Top Model chi dya
trén RFM (khoang 1,7 km); tric thu bd sung tuyén dudng trén phan
mém dai.

Thir nghiém thuc té tai Hoa Lac v6i ra-da FMCW lip dit trén noc
nha cao 60 m, muyc tiéu chinh 1a DJI Phantom 4 (¢ = —20 dBsm) qua
ba kich ban: (1) chuyén dong theo huéng tim vé phia ra-da; (2) chuyén
dong theo quy dao tiép tuyén so voi ra-da; va (3) chuyén dong doc
theo cac :[uyén giao thong trong ving quan sat.

c. Ket qua thuc nghiém

Street Model phan loai diing drone ¢ cu ly 3,5 km du RFM ngung
hoat dong.

Véi kich ban tiép tuyén 62,9 km, hé théng van phéan loai chinh xac
nho Street Model nhén ra quy dao bay khong bam theo dudng phd.

Trong kich ban drone bay doc dudng, kich ban khé nhét, hé thong
chuyén sang RFM & cu ly 1,7 km va phan loai thanh cong.

So sanh voi ra-da thwong mai Elvira: TRCR = 0,97 (loai b 97%
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nhiéu roi rac); TRDC = 1,0 (phan loai ding 100% drone); cu ly phat
hién 3,5 km (cai thién 1,2 lan so véi 3 km cua Elvira); MRDC cit
ngang 3,5 km (cai thién 3,2 1an so véi 1,1 km); MRDC doc duong 1,7
km (cai thién 1,6 lan). Phuong phap dé xuat vuot murc yéu cau thiét ké
(TRCR,TRDC = 0,95).

Cac chi tiéu xac 1ap vai DJI Phantom 4 tai Hoa Lac (Quy 1-11/2023,
thoi tiét t6t); ap dung truc tiép cho drone da rd-to co canh quat tuong
duong hoic 16n hon; drone rat nho, may bay canh bang can bd sung
dir liéu, huan luyén lai.

Két luin chwong

Chirong 2 d3 giai quyét hai bai toan nghién ctru nhdm nang cao
chat luong hé thong ra-da FMCW phén giai cao. D6i véi bai toan
nhidu pha, giai phap cAu tric dng-ten mang khe 6ng dan séng tich hop
loa két hop ludi loc phéan cuc dat hé s6 cach ly 85 dB trén toan dai tan
8.900-9.500 MHz, dap ung bang thong 600 MHz va muc tri€t phan
cuc chéo khoang 20 dB. Di v6i bai toan nhidu roi rac, giai phap giam
nhiéu roi rac dua trén dic trung vi ddp-le két hop hé quy tic phan loai
phan cip Top Model dat TRCR = 97% va TRDC = 100%, mé rong
tam phan loai tir 1,6 1an dén 3,2 1an so v6i Elvira tiy kich ban bay. Khi
tich hop ca hai giai phap, nguyén miu ra-da phat hién 6n dinh DJI
Phantom 4 tai cu ly 3,5 km v6i Pp = 0,7 va Prg < 107,

Chuwong 3
PE XUAT GIAI PHAP PA BUP SONG THiCH NGHI VA
CFAR HAI GIAI POAN, NANG CAO CHAT LUQONGPHAT
HIEN PAI RA-PA XUNG

3.1 Pé xuit giai phap da biip séng ning cao SNR
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Hé thdng ra-da xung duogc té chirc theo kién truc phan tang (Hinh
3-1): DSP-B xtr 1y tin hiéu bang géc va DBF; DSP-C thuc hién nén
xung, MTI/MTD, CFAR tﬁng 1, Iya chon bup song va CFAR tﬁng 2;

DP-C xtr 1y phan cum nhiéu, uéc luong phan bd va bam muc tiéu.

DSP-B

]

3
[}
3

=

E

Lua chon
bup song

Ubc hrong phan bo . <
3 o Phan cum nhiéu
xdc suat nhieu
DBF
= | Man hinh Ra-da H Bam muyc tiéu

Hinh 3-1. Kién tric xir Iy da bup séng dé xuat

I

Theo phuong trinh ra-da xung (3.1), trong cic yéu t6 cdu thanh, chi
tich G,G, c6 thé chu dong diéu khién. Trong giai doan phat hién ban
dau, huéng muc tiéu chua biét chinh x4c va nhidu dia vat phan bd
khong dong nhat - mot bap song cd dinh khong thé duy tri SNR t6i uu
trén toan vung quan sat.

Gidi phép dé xudat: tai mdi goc phuong vi, hé thong phat dong thoi
hai bup séng vai goc ta khac nhau; v6i mdi bip phat, ba bup thu duoc
tao dong thoi va to hop bang két hop xtr Iy don xung va MLE. Khoang
cach gitra hai bup phat = %2 HPBW: giira cac bup thu= Y% HPBW . Bai
toan lya chon bup song ti wu (3.5):

k* = argmax SNR;, (3.5)

Hé quad: viéc lya chon bip séng theo cuc dai SNR khién murc nhidu
tai ddu vao bo phat hién tré' nén khong dong nhat - dat ra yéu cau
CFAR thich nghi.
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3.2 Pé xuzflt CE AR hili giai doan thic!l nghi

a. Bdc diém nén nhiéu va mé hinh tong quat

Mirc cong suat nhidu nén thay doi dang ké theo cu ly va bup song;
MTI/MTD tuy giam nhiéu tinh nhung cé thé ting nén nhidu tai cac
ving von khong chira nhidu déang ké. Méi quan hé rang budc Py - Prq
khién viéc duy tri P, on dinh trong nhiéu khéng dong nhat dan téi gia
tang dang ké Prq néu khong c6 co ché diéu chinh ngudng.

Bon dic diém cua nén nhiéu trong ra-da xung: (1) hén hop; (2)
khong ddng nhat theo khong gian; (3) bién ddi theo thoi gian; (4)
khong tudn theo phan b ¢b dinh trén toan ving quan sat.

Néam yéu cau doi v6i bo phat hién: (1) duy tri Py, On dinh; (2) thich
nghi theo ting viing nhiéu; (3) khai thac tin hiéu sau xir ly da béip séng;
(4) u6c luong phan bd tir dix liéu do thue; (5) trién khai thoi gian thuc.

Bai toan phat hién dugc phat biéu dudi dang kiém dinh gia thuyét
nhi phan (3.6)-(3.8). M6 rong cac md hinh tin hiéu co ban (3.9)-(3.12),
ludn an dé xudt mé hinh tong quat cho nhidu hdn hop, khong dong nhat:

m

i(t,x) = x(x, A) p®(t,x) (3.15)
PREER

Trong d6, cac viing Aj, 161 nhau phu toan bd khong gian quan sat, va
mdi py 14 to hop tuyén tinh ctia cac PDF con (3.17). Bai toan phat hién
chuyén thanh bai toan udc luong va thich nghi theo phén bd nhidu cuc bo.

b. Quy trinh CFAR hai giai doan (Thudt todn 1)

Quy trinh tdng thé thuc hién 7 budc: (1) nén xung; (2) tich phan
xung MTI/MTD; (3) phat hién so cép bing CA-CFAR véi Py, toan
cuc; (4) lya chon bup séng SNR cuc dai tai mdi CUT; (5) phan cum
nhiéu HDBSCAN; (6) wéc luong PDF cho timg ving A, bang Thuat
toan 2; (7) tinh ngudng cuc bd A va loai bo cac plot ¢6 cong suét nho

hon ngudng.
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) Ak = Fk_l(lr - pfa) (318)
C. Xap xi ham mdt do xdc suat nhiéu (Thudt todan 2)

Tin hiéu phan xa chi thu duoc trong dai [a, b] (ngudng nhay dén
ngudng bio hoa), nén phan bd nhidu quan sat luén ¢ dang cat ngan
(3.19). Theo dinh 1y Hausdorff, ham mat d6 cat ngan xac dinh duy
nhét boi cac moment.

Luan an st dung hai phuwong phap x4p xi song song: (1) da thirc
Bernstein bac n (3.20) - hoi tu déu theo dinh 1y Bernstein (3.21); (2)
co s da thirc tryc giao xay dyng tur dinh thirc ma tran Hankel cua cac
moment (3.22) va khai trién PDF theo cac hé sd c,, (3.23). Thudt todn
2 — Uéc lwong ham mdt dé xdc sudt nhiéu gdm 5 budc: xay dung
histogram cit ngin — x4p xi Bernstein — tinh cic moment m, dén
My, — xéc dinh P, (y) — tinh ¢, va xac 1ap x4p xi moment.

3.3 Két qua thyc I}ghiém trén ra-da canh giéi 3D

a. Cau hinh hé thong va kich ban thur nghiém

Ra-da canh giéi phong khong 3D lam viéc bang tan S, tim hoat
dong 360 km, d6 rong bip song theo phuong cao < 3,5°, tbe dd quét
0,1 Hz. Tai mdi hudng, hé thong phat hai bup séng (cach nhau 1,4°)
va thu sau bup song (cach nhau 0,5°). Tham s P4 toan cuc = 107,
Pfa cuc b =0,1 (bao dam Py> 0,8 theo yéu ciu d6i voi dai ra-da quan
su). Muc tiéu thir nghiém 1a may bay thé thao ATEC 321 Faeta, bay
160 km/h & d¢ cao 1.000 m. Khdi DSP-C/DP-C trién khai trén ba may
tinh Intel Xeon Gold 6242R (3,1 GHz, 20 15i, 24 GB RAM) - DSP-C
<1ms, DP-C <0,3 s, dap ung chu ky quét 10 s.

Do phuc tap: giai doan 1 ting tuyén tinh theo sd 6 phan giai;
HDBSCAN O(N?) chi trén cac diém tng vién, chay sau mdi 6 vong
quét; giai doan 2 1 phép so sanh ngudng. Hé thong van hanh 6n dinh
voi 500+’1 .000 muc tiéu Vé.‘thﬁ‘ nghiém tai 4.000 myc tiéu.

b. Ket qua tang SNR bang da bup song
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Hinh 3-8 cho thiy ba vung dic trung: ving < 10 km dinh nhidu cao
(= —25 dBm trén bup 0,6° va —30 dBm trén bup 2,0°); ving 10-80 km
1a ving nhiéu dia vat chu dao vai chénh 1éch téi 10 dB gitra hai bup; tr
80 km trg di hai duong hoi tu vé nhiéu nhiét ~ —78 dBm. Hinh 3-9 cho
thidy SNR muc tiéu tai 70 km ting tir 10 dB (bup 0,6°) 1én 18 dB (bip
2,0°), chénh léch 8 dB - cai thién tryc tiép hiéu nang CFAR giai doan 1.
Do dudng bay phai duoc cip phép, 8 dB 1a gia tri do trén dudng bay thir
nghiém, dai dién cho ving nhiéu dia vat 10-80 km, khong phai mirc
trung binh toan Xﬁng 0-360°.

3:;4% '

——— Beam elevation 0.6 degree | |
Beam elevation 2.0 degree |

1
W % , |
2R W

L L 1 L 1
20 40 60 80 100 120 140 160 180
Range-Km

Hinh 3-8. Cong suit nhiéu twong img véi hai biip séng phat & goc
ta 0,6° va 2,0°

B ol
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Goc ta 0,6°la 10 dB tai cu ly 70 km | Goc ta 2,0° la 18 dB tai cu ly 70 km
Hinh 3-9. SNR ciia muc tiéu twong trng véi bup séng é cac goc ta

khac nhau
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C. Két quia CFAR hai giai doan

Sau CFAR giai doan 1, cac bao dong 1am xuét hién & vung nhiéu
phi Gauss duoc phan cum bing HDBSCAN; vong quét dau tién ding
phan cum, sau mdi 6 vong quét (1 phit) cap nhat ving nhiéu. Tham
s6 HDBSCAN duoc chon theo mat do bao dong 1am mbi vong quét
va kich thuéc ving nhiéu nho nhét can khoanh ving,

Hinh 3-11 va Hinh 3-12 so sanh hai phuong phap xp xi trén cling
tap dir liéu véi bac n = 4 va n = 6: histogram nhiéu (den) tap trung
trong dai —90 dén —65 dBm (dinh =~ —75 dBm), histogram muc tiéu
(d6) trong dai —65 dén —35 dBm (dinh ~ —55 dBm). Pudng Bernstein
(n = 6) bam sat dinh va do rong histogram, khong tao gia tri am;
dudng moment dao dong manh & hai bién va xuit hién gia tri 4m &
ving ~ —95 dBm, —50 dBm va —28 dBm. Luan 4n lya chon xap xi
Bernstein bac 6 (di bon moment chinh, tranh qua khép) véi p ra = 0,1

cho moi viing nhidu. Phuong phap moment chi dung dé ddi ching.
0.3

Clutter PDF (Bernstein)
p Target PDF (Bernstein)
0.25 4 ;8 - = = = Clutter PDF (Moments)

Y leee Target PDF (Moments)

0.2+

0.15

Probability

0.1~

| I 1 L L \ 1
-100 -90 -80 -70 -60 -50 -40 -30
Power - dBm

Hinh 3-12. PDF ciia muc tiéu (dwong d6) va nhiéu (duwong den)
wéc lwgng bing phwong phap Bernstein (nét lién) va phwong
phap moment (nét dirt) bicn=6
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Hinh 3-13 minh hoa ngudng CFAR giai doan 2 = —61 dBm, tach
biét hai phan bd: phan 16n nhiu nam bén trai, phan 16n muyc tiéu nim
bén phai ngudng.

Sau CFAR giai doan 2, s6 bao dong lam giam > 90% so véi CA-
CFAR gioaai doan 1, myc tiéu thir nghiém van duy tri véi SNR 6n dinh.

Clutter PDF (Bernstein)
Target PDF (Bernstein)

- - - - Threshold

0.25

0.2

Probability
(=]
=
w

0.05 -

0
-100 -90 -80 -70 -60 -50 -40 -30
Power - dBm

Hinh 3-13. Nguéng CFAR giai doan 2 cho viing nhiéu chira muc
tiéu thir nghiém (= —61 dBm)
d) So sanh voi cac phwong phap khdc
So sanh véi 5 thudt toan CFAR phd bién (OS, SOCA, GOCA, VI,

PI) (chi 4p dung tai giai doan 1) va CA-CFAR tai cung Pr, = 107, két

qué cu thé nhu sau:

- Xéc suat phat hién trong ving nhidu Py, dé xuét 0,86 vuot trdi so
v6i mirc cao nhat 0,42 (CA) va thap nhat 0,14 (SOCA), cai thién
2+6,1 lan.

- Sb bao cao muc tiéu gia Fr,¢: dé xuat 7 bao dong/lugt quét, cac
thudt toan ddi chimg 3174 bao dong (giam 4,4+10,6 1n).

- Ty 1816t quy dao TD,: dé xuat TD,, = 0 (quy dao duy tri lién tuc);
ca sau thuat toan truyén thong déu ¢6 TD,. = 1 (quy dao bi rét khi
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muc tiéu di vao ving nhiéu).

So sanh v&i phuong phap hoc may cia Perdoch va céng sy (2024):
tai cing SNR ~ 10 dB va psq = 0,1, phuong phdp nay cho Py = 0,6
thap hon dang ké so véi Py, = 0,86 ctia giai phap dé xuat. Uu thé con
nam & viéc khong can huan luyén dir liéu 16n va khong phu thudc gia
dinh trudc vé phan bd nhidu.

Két luan chwong

Chwrong 3 da dé xuit giai phap da bup song két hop CFAR hai giai
doan thich nghi trén nén nhiéu hdn hop cho ra-da xung. Cau hinh da bip
song két hop lya chon bap tdi wu theo tiéu chi SNR gitp cai thién dang
ké chat lwong tin hiéu tai cu ly 70 km, SNR ting tir 10 dB 1én 18 dB.
Phuong phap CFAR hai giai doan cho phép thich nghi theo déc tinh
nhiéu cyc bd thong qua phan cum va ude luong phan b xéc suat bang
da thirc Bernstein. Két qua do kiém: sé bao dong 1am giam trén 90% so
v6i CA-CFAR, xéc suét phat hién duy tri Pg > 0,8 v6i ngudng toan cuc
Pra = 107 (giai doan 1) va ngudng cuc bd prn = 0,1 (giai doan 2), va
ngudng phat hién dugc thiét 1ap riéng cho timg ving nhidu, phan anh
dung dic tinh théng ké cia méi truong quan sat. Thoi gian xt Iy DSP-
C nho hon 1 ms, DP-C nho hon 0,3 s, dép (ng yéu cau thoi gian thyc.
Két qua gin v6i ciu hinh dai da thir nghiém; mirc 8 dB 1a gia tri do trén

dudng bay dugc cap phép.

KET LUAN VA HUONG PHAT TRIEN LUAN AN
K&t luiin va tdng quat gia tri déng gép cia ludn 4n
Luan diém xuyén sudt: mdi dang nhidu dugc xt 1y tai ting phat
sinh (cao tan, dic trung, phat hién thich nghi), Iy do luan 4n trién khai
trén ca ra-da FMCW va ra-da xung. Trén co s phan tich co ché hinh

thanh va déc trung cua nhiéu, luan an da xay dung mo hinh toan hoc,
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thuc hién mo6 phong va thir nghiém thyc té, qua do dat dugc ba dong
g6p khoa hoc sau:

Déng gop thir nhdt: Dé xuét giai phap giam nhiéu pha cho ra-da
FMCW théng qua cdu triic mang dng-ten khe 6ng din song co kiém
soat birc xa, x¢é khe trén thanh hep, két hop ludi loc phan cuc va mat
mo loa toi wu. Cau triic dé xuét dat hé s6 cach ly phat-thu 85 dB trong
dai lam viéc, vuogt gia tri tinh toan yéu cAu, qua d6 cai thién do 6n dinh
do cu ly va van tbc, nang cao chat luong tong thé ciia dai ra-da FMCW.
Két qua gan v6i cdu hinh va chi tiéu cia dai da nghién ctru, can xéac
dinh lai khi thay d6i 16p muc tiéu, dai tin hodc phan cuc.

Dong gop thir hai: D& xuat giai phap giam nhidu roi rac va phan loai
drone trong ra-da FMCW dua trén dic trung vi dop-le két hop hé quy tic
phén loai phan cap Top Model. Phuong phép khai thac dic trung vi d6p-
le sinh ra tir canh quat drone dé phan biét vdi cac ngudn nhiu chuyén
dong khac nhu 6 t6, chim, xe may, dong thoi tich hop ban do giao théng
dé nhan dang va phan tich quy dao chuyén dong ciia muc tiéu. Két qua
thuc nghiém loai bé 97 % nhiéu 101 rac, phan loai chinh xac 100 % )
drone & cy ly t6i 3,5 km, tAm phan loai cai thién 1,6+3,2 lan tiy kich ban
bay so v&i ra-da Elvira, qua d6 nang cao chit luong phat hién va bam quy
dao cua dai ra-da FMCW. Két qua kiém chimg v6i DJI Phantom 4, tai
khu vue ¢6 dit liéu ban do s6, thoi tiét tot.

Dong gop thir ba: D& xuit giai phap da bup song két hop CFAR
hai giai doan thich nghi trén nén nhidu hén hop cho ra-da xung. Trong
d6, phan bd nhidu phi Gauss dugc wdc lwong bang da thic Bernstein,
cho phép xac dinh ngudng phat hién cuc b tdi wu theo ting ving
nhidu. Két qua thir nghiém trén ra-da xung canh gi6i 3D cho thiy ty
s tin-tap tang khoang 8 dB (tai cu ly 70 km), s6 bao dong lam giam
hon 90% so véi CA-CFAR truyén thong, x4c suat phat hién trong viing
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nhiéu 0,86 so vai 0,14+0,42 cia sau thuat toan d6i chung, déng thoi
thoi gian xir Iy dap Gmg yéu ciu thoi gian thyc cua hé théng. Mic 8
dB dai dién cho dudng bay thtr nghiém dugc cép phép.

Ba dong gop tao thanh chudi giai phép c6 quan hé nhan qua: cach
ly dng-ten cao ha thép san nhiéu pha, 1a diéu kién can dé dic trung vi
dbp-le du tuong phan cho Dong gop thir hai; toan b dugce kiém chimng
trén cac dai ra-da trong nudc dang van hanh.

Céc hwéng nghién ciru tiép theo

Huéng thir nhit: Tiép tuc nghién ciru nham bao dam d6 on dinh
pha giita céc phan tir phat-thu trong hé thong FMCW, qua d6 han ché
sai léch bup song va nang cao do chinh xac do dac. Song song, can cai
tién cac thanh phﬁn phén cung then chdt nhu b tron, dao dong ndi va
khuéch dai cong suat dé ddng bd pha va ting do tin ciy cta hé thong.

Huéng thie hai: Mo rong tap dit liéu huan luyén va kiém chimg
cho bai toan tach nhiéu - nhan dang muc tiéu, bao gém nhiéu mirc
nhidu va nhiéu chiing loai drone khac nhau va cac vat thé bay dé nham
1an, wu tién phan biét drone véi chim. Pong thoi, nghién ctru ing dung
hoc may va hoc sau dé khai thac sau hon dic trung vi dép-le, nang cao
hi€u qua phan biét muc ti€u trong méi truong phirc tap.

Huwong thir ba: Ty dong thu thap, cap nhat dir liéu ban dd b cho
md hinh phan tich quy dao tai vi tri dat dai.

Huéng thir tw: M6 rong thir nghiém trén nhiéu cu hinh ra-da (da
kénh, da bang tn) va trong cac diéu kién dia hinh khac nhau (trén
bién, trén dao, dia hinh phuc tap) dé danh gia kha ning thich tng va
pham vi tmg dung ctia hé thong trong thuc té. DPong thoi xac dinh gidi

han tai con dép Gmg yéu cu thoi gian thuc.
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