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DANH MUC CAC KY HIEU TOAN HQC, CAC CHU VIET TAT

1. Danh muc cac ky hi¢u toan hoc

Ky hiéu Y nghia

R Tap hop cac s6 thuc

R" Khéng gian véc-to thyc n chiéu

Cla, b] Tap hop cac ham lién tuc trén doan [a, b]

L?[a, b] Khong gian cac ham kha tich binh phuong trén doan [a, b]

SO(3) Nhom xoay dic biét 3 chiéu (special orthogonal group)

Ax Vung nhiéu thir k trong khong gian quan sat cua ra-da

Q Tap cac gia tri y ddn dén quyét dinh gia thuyét H,

[a, b] DPoan xac dinh boi ngudng nhay a va ngudng bao hoa b cua b thu

[T Toan tir chuyén vi (transpose) ma tran hoic véc-to

[ Tf)én t}"r Hamilton (chuyén vi lién hop phtic) - ding trong tao bup
song soO

[ Jracia Tofm tir lay thanh phan xuyén tdm: phép chiéu véc-to 1én hudng tia
ngam n

Il Toan tir chuén Euclid ctia véc-to

(-, ) Toan tir tich trong (inner product) trong khong gian L7[a, b]

exp(*) Ham mu

det(+) DPinh thic cia ma trén (st dung trong xay dung da thuc truc giao)

argmax Toan tir 1ay d6i s6 lam cuc dai biéu thuc

mean{-} Toan tir lay gia tri trung binh mau

std{-} Toan tir 1ay d6 1éch chudn mau

sup Can trén dang (supremum) ctia mot tap sb

=H0/HL Phép so sanh trong kiém dinh gia thuyét nhi phan Neyman-Pearson




Ky hiéu Y nghia
(-, *) Ham chi thi tip hop: bang 1 néu phan tir thudc tap, bang 0 néu khong thude
I(a, b3(*) Ham chi thi trén doan [a, b]
Y, Véc-to van tde tinh tién cta khdi tAm muc tiéu
® Véc-to van toc goc quay ciia than muc tiéu (canh quat drone)
r, To Véc-to vi tri diém phén tdn so v6i tAm muc tiéu (tai t bat ky va t = 0)
Ro Véc-to vi tri ban dau cua tim muc tiéu trong hé ra-da
n, Np Véc-to don vi theo hudng tia ngam tir ra-da dén muc tiéu
X(t) Véc-to tin hiéu thu tai diu vao mang dng-ten N phan tir
a(9) Véc-to dap ing mang (steering vector) theo hudng 0
W, Wk Véc-to trong sb tao bup song sé (beamforming weight)
S Véc-to tin hi€u phan xa tir myc tiéu
n(t) Véc-to nhidu hé théng (nhidu nhiét) tai cac phan tir mang
Cc Véc-to nhiéu nén (clutter): dia vat, bién, khi tuong
i Véc-to nhiéu tong hop (moi thanh phan nhiéu cong lai)
Rot(t) Ma tran xoay 3D thuoc nhom SO(3), Rot(t) = exp(t)
® Ma tran ddi xtng 1éch (skew-symmetric) lién két v6i véc-to ©
| Ma tran don vi
p(x), p(y) | Ham mat d6 xac suat (PDF) cta bién ngau nhién x, y
Eg I Eg Ham mat d¢ xéc suat ¢ didu kién dudi gia thuyét Ho va H
F(x) Ham phén phéi tich lity (CDF) tuong tmg véi PDF p(x)
p(x; a, b) Ham mat d6 x4c suat cit ngin trén doan [a, b]
Bn(x, f) Pa thtrc Bernstein bac n xap xi ham lién tuc f trén doan [0, 1]
Pn(X) Da thure truc giao bac n xay dung tir ma trdn Hankel cua cdc moment




Vi

Ky hiéu Y nghia
C(n, k) Hé s6 t6 hop (binomial coefficient) trong khai trién Bernstein
Mk Moment bac k cia ham mat do xac suit
Cn Hé s6 khai trién PDF trong co sé da thirc truc giao
Ho, H1 Gia thuyét rdng (khong co muc tiéu) / gia thuyét c6 muc tiéu
A Ngudng phat hién toan cuc trong kiém dinh Neyman-Pearson
Ak Ngudng phét hién cuc bd cho ting ving nhiéu Ay
o ® Heé s6 t6 hop tuyén tinh ciia cdc PDF con trong viing Ay
n Bic xép xi Bernstein (luan an dung n = 6)
m S6 vung nhiéu rdi nhau phu toan bo khong gian quan sat

S6 vong quét 1y mau dé tinh dic trung phéan tan dop-le (M = 5)

2. Danh muc cac chir viét tit

Cum Tiéng Anh Y nghia
DD nvolutional Neural N

3D-DCNN 3 eep Convolutional Neura Mang tich chép sau ba chiéu
Network

ACCA- . . CA-CFAR thich nghi c6 loc bo

CFAR Adaptive Censoring CA-CFAR diém bét thuong

ADC Analog-to-Digital Converter Bo Chuye;n doi tin hicu twong

tu sang so

ADPLL All-Digital Phase-Locked Loop | Vong khoa pha toan sb

AESA Active Electronically Scanned Mang quét dién tif tich cuc
Array

AGC Automatic Gain Control Diéu khién khuéch dai tu dong

BiLSTM Bidirectional LSTM LSTM hai chiéu

CA-CFAR Cell-Averaging CFAR CFAR trung binh 6 tham chiéu
Cumulative Distribution | ___ . L1 1n

CDF Function Ham phan phdi tich liy

CFAR Constant False Alarm Rate Ty 1& bao dong 1am khong dbi

CK-CFAR Cognitive/Knowledge-aided CFfAR (io tri thtc vé moi
CFAR trrong nén

CMOS Complementary ~ Metal-Oxide- | Cong nghé ban dan oxit kim




Vil

Cum Tiéng Anh Y nghia
Semiconductor loai
CNN Convolutional Neural Network | Mang no-ron tich chap
CPU Central Processing Unit B¢ xtr Iy trung tam
CUT Cell Under Test O dang kiém tra
DBF Digital Beamforming Tao bup song sb
DDC Digital Down-Conversion Bo ha tan sb
Drone Detection and Discrete | M6-dun phat hién drone va
DDDCR . ., X
Clutter Reduction giam nhicu roi rac
DDMA Doppler-Division Multiple D? truy nhdp phan chia theo
Access dop-le
DDRAM Double Data Rate Random Bf') 1’1%’10’ truy cap ngau nhién toc
Access Memory do kép
DDS Direct Digital Synthesizer B0 tong hop tan sb sb truc tiép
DP-C Data Processor - Block C Khéi xtr Iy dit liéu C
Digital ignal  Pr r .
DSP lgital _ Signal ~ Processor /| v 14 tin hicu sé / Bo xir Iy
Processing
DSP-B / DSP- | Digital Signal Processor - Block Khéi xit 1y tin hicusé B/ C
C B/C
FFT Fast Fourier Transform Phép bién doi Fourier nhanh
FMCW Frequency-Modulated Pidu thn lién tuc
Continuous Wave
. Mang cong logic co thé 1ap
FPGA Field-Programmable Gate Array | .
trinh lai
FSNF-CFAR Fuzzy Statistical Normalization | CFAR c?hua1‘1 hoa thong ké két
Fuzzy CFAR hop logic mo
GIG Generalized  Inverse  Gauss | Phan bd Gauss nghich dao
distribution tong quat
GLRT Generalized Likelinood Ratio Test | Kiém dinh ty s kha ning tong quat
GM-CFAR Geometric-Mean CFAR CFAR trung binh hinh hoc
GOCA- :
CFAR / GO- g:;eAa‘thSt'Of Cell-Averaging | p AR trung binh 16n nhét
CFAR
GPU Graphics Processing Unit Bo xtr 1y d6 hoa
Heterogeneous Clutter | CFAR ué6c lugng nhiéu khong
HCE-CFAR o 3 £ '
CE-C Estimating CFAR dong nhat
HDBSCAN Hierarchical Density-Based | Thuat todn phan cum khong




viii

Cum Tiéng Anh Y nghia
Spatial Clustering of | gian phan cap dya trén mat do
Applications with Noise
HPA High-Power Amplifier Bo khuéch dai cong suét cao
HPBW Half-Power Beam Width Do rong bip song tai muc nua
cong suat
HRR High-Range-Resolution Radar Ra-da phan giai cao
IMM Interacting Multiple Model Pa mo6 hinh twong tac
K-SVD K-Singular Value Decomposition T_h u;at toan, phan tich gid tri ky
di tong quat
LFM Linear Frequency Modulation Diéu tan tuyén tinh
LMS Least Mean Squares Th?at todn b inh phuong toi
thiéu trung binh
LNA Low-Noise Amplifier Bo khuéch dai tap Am thap
LSTM Long Short-Term Memory M%ng no-ron ¢6 bo nho dai-
ngan han
MAC Media Access Control L&p diéu khién truy nhap
MIMO Multiple-Input Multiple-Output | Pa dau vao - Pa dau ra
MLE Maximum Likelihood Estimation | Udc lugng hop 1y cuc dai
MLG-CEAR Maximum-Likelihood =~ Gamma CEAR uc’ycAluq?g hop 1y cuc
CFAR dai theo phan b6 Gamma
MPAR Multi-function  Phased Array Ra-da mang pha da chitc nang
Radar
MRDC MaXIW.um. Range for Drone Cu ly phan loai drone t6i da
Classification
MTD Moving Target Detection Phat hi¢én muc ti€u di dong
MTI Moving Target Indication Chi thi muyc ti€u di dong
NCO Numerically Controlled Oscillator | Bo dao dong diéu khién sd
NF Noise Figure He¢ sb tap Am may thu
OS-CFAR Ordered-Statistics CFAR CFAR thong ké thtr tyr
PC Pulse Compression Nén xung
PD Probability of Detection Xéc suit phat hién ding
PDF Probability Density Function Ham mat do xac suat
P {fa} Probability of False Alarm Xéc suit bio dong 1am
PI-CFAR Pattern-Inspired CFAR CFAR dua trén dic trung cau
trac nhiéu
PLL Phase-Locked Loop Vong khoa pha




Cum Tiéng Anh Y nghia
PoISAR Polarimetric Synthetic Aperture Radar | Ra-da khau do tong hop phan cuc
PRF Pulse Repetition Frequency Tan sb lip xung
RCS Radar Cross Section Dién tich phan xa hiéu dung
RFM Random Forest Model Mo hinh rirmg ngau nhién
RMS Root Mean Square Gia tri binh phuong trung binh
RMSE Root Mean Square Error Sai s6 binh phuong trung binh
SLL Side Lobe Level Mirc canh song phu
SM Street Model Mo hinh duong giao thong
SNR Signal-to-Noise Ratio Ty s tin hiéu trén tap 4m
SO-CFAR | Smallest-Of CFAR CEAR chon ving tham chicu
c6 muc nhiéu thap hon
SOCA-CFAR Smallest-Of Cell-Averaging CFAR trung binh nho nhét
CFAR
SPA Spectrum Analyzer May phan tich phd
SVM Support Vector Machine May véc-to hd tro
. . . B0 chuyén dbi thoi gi
TDC Time-to-Digital Converter séo chuyén dbi thot glan sang
TM-CFAR | Trimmed-Mean CFAR CFAR trung binh ¢6 cat loai
ngoai lai
TRCR True Rate of Clutter Reduction Ty ,1¢ ,nhleu roi rac duge phan
loai diing
TRD Transmit/Receive Digital module | Md-dun Phat/Thu s6
TRDC True Rate of Drone Classification | Ty 1¢ drone dugc nhan dang ding
TRM Transmit/Receive Module Mo-dun Phat/Thu
UAV Unmanned Aerial Vehicle Phuong ti¢n bay khong nguoi 1ai
. B& ong diéu khién ba
VCO Voltage-Controlled Oscillator 0 d?O dong diéu khién bang
dién &p
Visual Geometry Group 16-layer
VGG-16 y ¥ y Mang hoc sau VGG 16 16p
network
VI-CFAR Variability-Index CFAR CFAR theo chi s6 bién thién
VSG Vector Signal Generator May tao tin hiéu véc-to chuan
WR-90 Waveguide Rectangular standard 90 | Ong dn séng chit nhat chuén 90
: Bo loc phdi hop gan tbi uru x4
a-MF Alpha-Matched Filter ¢ ‘oc phot hop gan o1 uu xap

xi GLRT
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PHAN MO PAU

Tinh cip thiét ciia dé tai ludn an

Trong bdi canh cudc Cach mang cong nghiép 1an thir tu dang thuc ddy manh mé
qua trinh chuyén d6i sb va ty dong hoa toan cau, cac hé théng cam bién thong minh,
dic biét 1a ra-da (RAdio Detection And Ranging), ngay cang khang dinh vai trd quan
trong trong ca linh vuc quén su 13n dan su. V& phuong dién quan sy, tinh hinh thé
gidi dién bién phuc tap véi cac cude xung dot quy mo 16n trai dai tir Chau Au, Chau
Phi dén Trung Dong [1] cho thay sy chuyén dich rd rét trong hinh thai chién tranh
hién dai: tir chién tranh truyén théng sang cac mo hinh tac chién phi d6i xing, chién
tranh dién tir va sir dung cac phuong tién tac chién mdi nhu UAV cam tir, may bay
khong nguoi 14i, dan luon thong minh va cac hé thong tac chién dién tir tinh vi [2].

Su phat trién nhanh chong ciia cac phuong tién tac chién méi dit ra yéu cau cap
thiét vé& kha ning phat hién sém, theo ddi lién tuc va phan ing nhanh véi cac muc tiéu
nho, co dong, co tiét dién phan xa thip trong méi truong nhiéu phirc tap. Cac hé thong
ra-da truyén thong dd boc 16 nhiéu han ché vé do tin ciy khi phai di mat véi tan xa da
dudng trong dia hinh rimg nai, d6 thi, bién dao, nhidu phi tuyén cing cac bién phap ché
ap dién tr chu dong. Trong khi d6, ra-da phan giai cao (High Resolution Radar - HRR)
duogc phat trién nham dap tng céc yéu cau ngdy cang khat khe vé do chinh xac va kha
nang phan biét myc tiéu c¢d nho [3] [4]. Tuy nhién, chinh cac dac tinh cong nghé mang
lai uu thé phén giai - bang thong rong, dng-ten mang pha, xtr 1y da kénh - dong thoi lam
gia ting mirc d6 nhay cam véi nhiéu dang nhiéu khac nhau, khién bai toan xtr Iy nhiéu
tr& thanh yéu t6 then chdt quyét dinh d6 chinh xéac, d6 6n dinh va tinh kha thi cta toan
bd chudi xir Iy tin hiéu.

Ttr nhirng phén tich trén, viéc lya chon dé tai nghién ctru: “Ndng cao khd ning
loc nhiéu, cdi thi¢n chit lwong dai Ra-da phédn gidi cao” 13 huéng nghién ciru co
tinh cép thiét cao, mang ¥ nghia khoa hoc va thuyc tién sau sdc, dic biét trong bdi canh
dam bao qudc phong - an ninh cta Viét Nam hién nay.

Ly do chon dé tai luin an



Viéc lyra chon dé tai xuét phat tir yéu cau thuce tién cip bach trong cong tac bao
vé ving troi va phat trién cong nghé ra-da trong nudce, tap trung vao hai nhoém nhiém
vu trong yéu ctia ra-da phdn giai cao: giam sat tam thap va canh gi6i tam xa.

Thir nhdt, d6i v6i nhiém vu giam sat tam thap, ra-da phan giai cao 1a cong cu
thiét yéu dé phat hién UAV ¢& nho ngdy cang pho bién cho ca muc dich dan sy 13n
quan sy. Tuy nhién, viéc phat hién chinh x4c cac muc tiéu ndy gip nhiéu kho khin
do hai dang nhiéu dic thu: nhiéu pha ndi tai do tin hi¢u ro gifta kénh thu-phat trong
ra-da FMCW lam suy giam kha ning phat hién drone & cu ly xa; cung véi nhiéu roi
rac tir chim, phuong tién mit dat va cong trinh kién truc giy bao dong 1am véi sb
lugng 16m. Khac phuc cac dang nhiu nay cé ¥ nghia quyét dinh ddi v6i nhiém vy bao
v¢€ san bay, cong trinh trong diém, bién gid1 va cang bién.

Thit hai, d6i voi nhiém vu quan st va canh gidi tir xa, ra-da phan giai cao phai hoat
dong trong méi truong nhidu hdn hop da ngudn, bao gébm nhiéu dia vat, nhiéu bién va
nhiéu khi twong. Cac ngudn nhifu nay chong chat dong thoi tao nén nhiéu phi Gauss va
khong dong nhat, khién cac thuat toan CFAR truyén thong khong duy tri dugc xac suat
bao dong 1am 6n dinh, dan dén nguy co lot muyc tiéu hoic bao dong lam [5] [6].

Muc tiéu nghién ciru

Muc tiéu tong quat ctia luan 4n 1a nghién ctru va phat trién cac phuong phép xir Iy
nhiéu cho hé thong ra-da phan giai cao, nham nang cao kha nang phat hién, phan loai va
theo doi muc tiéu trong moi trudng tac chién hién dai. Cac muc tiéu cu thé bao g@)m:

(1) Nghién ciru va dé xuat giai phap giam nhiéu pha trong ra-da FMCW thong
qua toi uru hoa thiét ké phan cimg dng-ten c¢6 hé sb cach ly cao;

(2) Xay dung phuong phap giam nhiéu rdi rac va phan loai muc tiéu UAV trong
mdi trudng giam sat tam thap dua trén khai thac dic trung vi dop-le va mo hinh hoc may;

(3) Phat trién phuong phap xir Iy da bup song két hop phat hién thich nghi CFAR
hai giai doan cho ra-da xung canh gidi tim xa, hoat dong hiéu qua trong méi truong
nhiéu hdn hop, phi Gauss va khong dong nhét;

(4) Kiém chung cac giai phap dé xuat théng qua mo phong va thuc nghiém trén

hé thong ra-da thye.



No¢i dung nghién ciru

Noi dung nghién ctru cua luan an dugc trién khai theo ba hudng chinh:

Néi dung thir nhat: Giam nhiéu pha trong ra-da FMCW: Phén tich mé hinh toan
hoc m6 ta anh hudng ctia nhidu pha dén tin hiu tan sé phéach (beat-frequency) va ty sb tin
hiéu trén tap am (SNR); x4y dung phwong phap tinh toan dinh luong hé s6 cach ly yéu cau
tir cac tham sb hé thong; thiét ké, mo phong dién tir, ché tao va danh gia thue nghiém cu
tric Ang-ten mang khe dng dan séng tich hop mit ma loa va Iudi loc phan cuec.

N§i dung thir hai: Giam nhiéu roi rac va phan loai muc tiéu UAV trong ra-da
FMCW: Phan tich dic trung vi dop-le ciia drone va cac ddi twong gay nhiéu (chim,
phuong tién mat dat); xay dung chudi xir 1y tich hop dic trung chuyén dong, ban d6
giao théng va mo hinh hoc méy dé phan tach muc tiéu; danh gia hiéu ning trén dir
lidu thyc nghiém va so sanh véi cac phuong phap da cong bd.

Noi dung thir ba: Xt 1y nhiéu hon hop trong ra-da xung: Thiét ké va xu 1y da
bup séng phat-thu dé toi wu SNR theo diéu kién muyc tiéu va moi trudng; xdy dung
mo hinh phat hién thich nghi dya trén phan cum thong ké HDBSCAN, xap xi ham mat
dd x4c sudt béng da thuc Bernstein va CFAR cuc bo hai giai doan; kiém ching trén
hé thong ra-da canh gidi 3D.

Poi twong va pham vi nghién ciru

Dbi tuong va pham vi nghién ctru cta luan an 1a cdc hé thdng ra-da phan giai
cao thudc hai nhém chinh 1a ra-da diéu tan lién tuc (FMCW) va ra-da xung; cac loai
nhidu dic thu trong hoat dong ctia hai nhdm ra-da nay, bao gdm nhiéu pha ndi tai do
tin hiéu ro, nhidu roi rac tir cac ddi tuong khong phai muc tiéu (chim, phuong tién
mit dat, cong trinh) va nhidu hdn hop (nhidu dia vat, nhidu bién, nhidu khi trong) c6
tinh phi Gauss va khong dong nhat.

Mic du thudc hai nhom hé théng khéac nhau, cac ndi dung nghién ctru cua luan
an duoc théng nhit bai mot logic chung: xtr 1y cac dang nhidu dic thu chi phéi kha
nang phat hién ciia ra-da phan giai cao tai tang xtr 1y twong tng v6i ngudn gdc cia
tirng dang nhiu. Ra-da FMCW giam sat tim thip phat va thu dong thoi, dng-ten phat-

thu dit gan nhau nén nhiéu pha do tin hiéu ro 13 nhiéu noéi tai, can duoc han ché ngay



& tang cao tan; dong thoi muc tiéu can phat hién 1a drone ¢& nho bay thap giira nhiéu
phan xa ro1 rac ¢ van tdc va tiét dién phan xa tuong déng, nén can dugc xir Iy & téng
dic trung va phan loai. Ra-da xung canh gi6i tim xa phat va thu phan chia theo thoi
gian nén khong chiu nhiéu ro theo co ché cua ra-da FMCW, nhung phai lam viéc trén
nén nhiéu hdn hop, khong dong nhét trén ving quan sat rong, nén can duoc xt 1y &
tang khong gian (da bup song) va tang phat hién thich nghi. Nhidu tich cuc va nhidu
tiéu cuc c6 td chure thudce linh vuc chéng nhiéu trong tac chién dién tu, khong thugc
pham vi nghién ctru ctia luan an. Cac két qua thuc nghiém dugc thu nhan trén cac hé
thdng ra-da va trong cac diéu kién thir nghiém cy thé; pham vi ap dung va gi6i han
ctia timg két qua dugc trinh bay tai Muc 2.2.3 va Muc 3.3.

Phwong phap nghién ciru

Luan an st dung cach tiép can tich hop, két hop dong thoi bon nhém phuong
phap nghién ctru nham dam bao tinh chit ché vé 1y thuyét va do tin cdy vé thuc tién
clia cac giai phap dé xuat:

Phwong phdp phén tich Iy thuyét va mé phéng: xay dung mé hinh toan hoc cta
tin hiéu va nhiéu, phan tich co ché tac dong cua céc loai nhiéu dén hiéu nang h¢ théng;
str dung cac cong cu chuyén dung dé mo phong, qua d6 kiém ching hiéu ning cua cac
giai phap dé xuat trong nhiéu diéu kién nhidu khac nhau trudc khi trién khai thuc té.

Phurong phdp thiét ké va ché tao phén cieng: thiét ké, ché tao va tich hop cac cau
tric cao tan, phan cimg mai vao hé thong ra-da thuc nham danh gia hiéu qua giai phap.

Phwong phdp xiv Iy tin hiéu két hop hoc mdy: Gng dung cac k¥ thuat xu 1y
thich nghi trong mién thoi gian, tan sb va khong gian, két hop khai thac cac dic trung
vat 1y cta tin hiéu phan xa (nhu dic trung vi dop-le); ddng thoi st dung cac ky thuat
phan cum, x4p xi thong ké va mo hinh hoc may dé mé hinh hoa nén nhiéu va nang
cao dg chinh xac phat hién, phan loai myc tiéu trong moi trudng phuec tap.

Phwong phdp thwe nghiém: thu thap dir liéu trén cac hé thong ra-da thyc dang
van hanh, danh gia dinh lugng hiéu ning cac giai phap dé xuét va so sanh vdi cac
phuong phap di duoc cong bd, qua d6 khang dinh tinh kha thi va gia tri tng dung

cua luan an.



Y nghia khoa hoc va thuc tién

Luan an c6 y nghia khoa hoc va thuc ti&n rd nét, thé hién qua ba dong gop ndi bat:

Thir nhét, doi véi ra-da FMCW tam thdp: luan an dé xuit va kiém chung giai
phap giam nhiéu pha tir hudng tiép can thiét ké phan cimg dng-ten, khic phuc khoang
trbng cua cac nghién ctru trude day von chi yéu tip trung vao xir Iy & khéi phat hoic
hau xtr 1y tin hiéu, déng thoi xay dung phuong phap xac 1ap yéu cau hé sb cach ly tir
cac tham sb ctia hé thong. Vi ciu hinh ra-da FMCW dai tin 8.900+9.500 MHz, tim
quan sat 12 km duoc nghién ctru, hé s6 cach ly do thuc nghiém dat 85 dB, vuot yéu
cau tinh toan 82,25 dB; nguyén mau ra-da phat hién 6n dinh muc tiéu DJI Phantom 4
& cu ly 3,5 km véi xdc suat phat hién P, = 0,7 va x4c suét bao dong 1am Py, < 10,

Thi hai, ludn dn dé xudt phwong phdp giam nhiéu roi rac, phin biét drone:
dua trén dic trung phan tan vi dép-le két hop dic diém chuyén dong trén ban do giao
thong (mo6-dun DDDCR). Trong pham vi céc kich ban thir nghiém vé1 DJI Phantom
4 tai khu vuc Hoa Lac, phuong phap loai bé 97% nhiéu roi rac tir phuwong tién mit
dat, phan loai dung 100% luot thir drone va dat tAm phan loai 3,5 km (bay cat ngang
duong) va 1,7 km (bay doc dudng), cai thién 1,6+3,2 1an so voi ra-da thuong mai
tham chiéu Elvira.

Thir ba, doi v6i ra-da xung cdnh gidi tam xa: luan an dé xuit giai phap da bup
song két hop CFAR hai giai doan thich nghi, trong d6 nén nhiéu duoc phan ving
bang HDBSCAN va phan bd xac suit cia timg ving duoc xip xi bang da thirc
Bernstein, khong phu thudc vao gia thiét phan bd cho trude. Thir nghiém trén ra-da
canh gii 3D tam hoat dong 360 km véi mot muc tiéu bay theo dudng bay dugc cap
phép cho th?iy SNR cua muyc tiéu dugc cai thi¢n khoang 8 dB (tai cu ly 70 km), $6
bao dong 1am giam hon 90% so véi CA-CFAR truyén thong, dong thoi dap Gmg yéu
cau xir 1y thoi gian thuc.

Céc két qua nghién ctru cta luan an da dugc cong b trén 02 tap chi va 04 hoi
nghi khoa hoc quéc té, ddng thoi duoc cdp 01 bang doc quyén sang ché trong nude.
Céc giai phap dé xuat da duoc trién khai trén cac hé théng ra-da dang van hanh, gop

phan ty chu cong nghé qudc phong va phuc vu nhiém vy bao dam an ninh qudc gia.



B cuc caa luin an

Luén an duogc bd cuc gém phén mé dau, phén ndi dung chinh, phén két luan va
huéng phat trién. Phan ndi dung chinh duoc trinh bay trong 03 chuwong, cu thé:

Chwong 1 - Tong quan vé loc nhiéu ra-da phén gidi cao va xdc dinh néi dung
khoa hoc cin gidi quyét trong ludn dn: Trinh bay bdi canh phat trién cua ra-da phan
giai cao, phan loai va phan tich tic dong cua céc loai nhidu dién hinh dén chit luong
phat hién muc tiéu. Trén co s& tong quan c6 hé théng cac cong trinh nghién ctru trong
va ngodi nudc, chuong xac dinh khoang tréng khoa hoc va hinh thanh ba bai toan
nghién ctru: giam nhiéu pha trong ra-da FMCW, xtr ly nhiéu rdi rac trong ra-da FMCW
va xir Iy nhiéu hon hgp trong ra-da xung.

Chwong 2 - Dé xudt gidi phdp giam nhiéu pha, nhiéu roi rac ning cao chit
lwong dai ra-da FMCW: Giai quyét hai bai toan nhiéu pha va nhiéu rdi rac. P6i véi
nhiéu pha, chuong trinh by mé hinh toan hoc anh hudng cia nhiéu pha dén tin hiéu
tan s6 phach va SNR, dé xuat giai phap ang-ten mang khe ong dan song tich hop bén
co ché vat Iy (mang khe, mat mé loa, khe thanh hep, luéi loc phan cuc), kém két qua
thiét ké, mo phong, ché tao va danh gia thuc nghiém. Ddi véi nhidu roi rac, chuong
xay dung co s dit liéu thuc nghiém, phan tich dic trung vi dop-le va dic diém chuyén
dong, dé xuat mo-dun DDDCR tich hop Random Forest Model, Street Model va Top
Model, danh gié trén dir liéu thuc nghi¢m va so sanh voi ra-da Elvira.

Chwong 3 - Dé xudt gidi phdp da bip séng thich nghi va CFAR hai giai doan,
néng cao chit lwong phdt hi¢n dai ra-da xung: Giai quyét bai toan xtr Iy nhidu hdn
hop thong qua hai hudng: (1) Thiét ké va xir Iy da biip song phét-thu dé t6i wu SNR theo
diéu kién muyc tiéu va moi trudng; (2) Xay dung phuwong phap phét hién thich nghi
CFAR hai giai doan két hop phan cum HDBSCAN va xap xi phan b xéc suat bang da
thirc Bernstein. Cac két qua duoc kiém ching trén hé théng ra-da canh gioi 3D tam xa,
so sanh véi sau thuat toan CFAR truyén thong (CA, OS, SOCA, GOCA, VI, PI) va
phuong phap hoc may.



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

Trong Phdn mé dau, luan an da khai quat boi canh phat trién cta ra-da phan giai
cao, luan giai tinh cap thiét ciia huéng nghién ctru chdng nhidu va xac dinh muc tiéu,
d6i twong cling nhu pham vi nghién ctru tong thé cta dé tai. Tiép ndi va cu thé hoa
cac dinh hudng khai quat d6, Chuong 1 tap trung di sau phan tich co s¢ khoa hoc cua
bai toan chong nhidu trong HRR, dong thoi tién hanh tong quan c6 hé thong cac cong
trinh nghién ctru da dugc cong bd trong va ngodi nude; trén co sé nay, chuong xac
dinh r6 cac khoang tréng khoa hoc hi¢n hiru va hinh thanh cac bai toan nghién ctru
cu thé ma luan an hudng toi giai quyét.

Noi dung cia chuong duoc to chic theo trinh ty logic di tir co s¢ 1y luan dén
danh gia hién trang va téng két van dé. Trudc hét, Muc 1.1 trinh bay co sd 1y thuyét
vé phan loai nhiéu trong hé théng ra-da, dong thoi phan tich co ché tac dong cua ting
loai nhiéu dén hiéu ning cta HRR, qua d6 1am rd cac dang nhiéu trong tAm ma luan
an tap trung xir 1y. Tiép theo, Muc 1.2 khao sat va danh gia c6 so sanh cac cong trinh
nghién ciru trong va ngoai nudc lién quan dén ba dang nhiéu da xac dinh, phan tich
nhiing vu diém va han ché cua tirng huong tiép can hién hanh; ttr d6, chuong chi rd
cac khoang tréng khoa hoc con ton tai va cu thé hoa thanh ba bai toan nghién ctru cua
luan 4n, dong thoi thiét 1ap mdi lién hé logic giita cac bai toan nay véi cic chuong
n6i dung tiép theo 13 Chwong 2 va Chwong 3, bao dam tinh nhat quan va lién mach
trong toan bo két cAu luan 4n. Cubi cung, Muc Két ludn chwong téng hop céc nodi
dung chinh di dugc trinh bay trong chwong va rit ra nhitng két luan 1am co s¢ trién
khai cho cac chuong tiép theo.

1.1 Phén loai nhiéu va tac dong dén hé thong ra-da phan giai cao

1.1.1 Nguyén ly dat dp phén gidi cao va tinh nhay cam véi nhiéu

Ra-da phan giai cao (HRR) [7] [8] dat duoc do phan giai cao theo ca chiéu cu

ly, gbc va van toc thong qua ba yéu td cong nghé co ban dugce trién khai dong bo.



Thir nhét, HRR sir dung tin hiéu bing thong rong; trong dé cac ra-da xung hién dai
ap dung k¥ thudt nén xung voi cac dang diéu ché tan sé tuyén tinh (LFM) hodc ma
pha, con ra-da diéu tan lién tuc (FMCW) sir dung tin hiéu tin s bang rong két hop
phan tich tan s6 tan s6 phach dé xac dinh dong thoi cu ly va van téc muc tiéu. Thi
hai, HRR sir dung cic cdu trac phan ctng tién tién nhu dng-ten mang pha chu dong
(AESA), cho phép diéu khién bup song dién tir linh hoat va hinh thanh ddng thdi nhiéu
blp song doc 1ap, qua do nang cao d0 phan giai goc va kha nang theo doi da muyc tiéu.
Thur ba, HRR tich hop cac k¥ thuat xir 1y tin hi€u hién dai nhu xt ly khong gian-thoi
gian, loc thich nghi theo méi trudng va phat hién thich nghi, cho phép trich xuat thong
tin muc tiéu chi tiét vé ca dic trung hinh hoc 1an dong hoc.

Tuy nhién, chinh cc dic diém cong nghé mang lai wu thé phan giai cao lai 1am
gia taing mirc d6 nhay cam cta hé thdng vdi nhidu. Cu thé: viéc mé rong bang thong
ti 18 thuan voi cong suat nhiéu nhiét thu duoc, déng thoi gia ting nguy co nhiéu xuyén
phd tir cac hé thong truyén thong 1an can nhu 5G, Wi-Fi; viéc st dung bup song hep
1am gia ting d nhay véi sai léch pha va hiéu ing phan xa da dudng; cac cdu hinh da
kénh (MIMO, da bup song) dit ra thach thirc vé nhiéu chéo gitra cac kénh va yéu cau
dong bo nghiém ngit. Vi vy, bai toan xir 1y nhidu trong HRR mang tinh quyét dinh
d6i v6i d6 chinh xac, do on dinh va tinh kha thi cta toan bo chudi xtr 1y, tir phat hién
dén nhan dang muc tiéu.

1.1.2 Phdn logi nhiéu theo nguén géc

Trong h¢ théng ra-da, tin hi¢u thu ludn bao g?)m tin hi€u muc tiéu kém theo cac
thanh phan nhiéu khong mong mudn. Cin cir vao ngudn gdc phat sinh, nhiéu trong
ra-da duogc phan thanh ba loai chinh:

a. Tap néi bé (nhiéu pha)

Loai nhiéu du tién va cling la yéu t6 noi tai kho loai bo nhat bat nguén tir chinh
bén trong hé thong ra-da. Trong cac thanh phan tap noi bo, nhidu pha 1a dang nhidu
dic biét quan trong ddi véi ra-da phan giai cao. Vé ban chat, nhidu pha phat sinh tir
céc dao dong ngiu nhién nho trong pha cua tin hiéu song mang, gdy boi su bat on

dinh cua bo tao dao dong ndi (LO) va cac téng nhén tan. Biéu hién truc tiép cuia nhiéu



pha 1a sy xuat hién cac thanh phan phd phu xung quanh tan s trung tim, ning cao

muirc nén nhiéu va thu hep dai dong cta hé thong [9] (Hink 1-1).
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Hinh 1-1. Nhiéu pha trong phé tin hiéu phat ciia dai ra-da

Téc dong ctia nhiéu pha thé hién khac nhau tuy theo cau hinh ra-da. P6i vdi ra-
da xung, nhifu pha chil yéu anh huéng tai khdi thu trong qua trinh trén tan véi tin
hiéu dao dong ndi: cac thanh phan pha ngau nhién cua LO dugc chuyén tryc tiép vao
phd tin hiéu phan xa, lam mo rong phd dop-le ctia myc tiéu va che khuit cac muc tiéu
yéu nam ¢ 1an c4n cac myc tiéu manh [10]. Pbi véi ra-da FMCW, nhiéu pha nghiém
trong hon do nguyén 1y hoat dong dic thu: tin hiéu thu duoc tron tryc tiép vai tin hidu
phat dé tao tin hiéu tan sb phach, do d6 su khong twong quan pha gitta hai tin hiéu
(do tré thoi gian truyén song) gy ra thanh phan nhiu du trong pho tin hiéu tan s6
phach. Nghién ctru [11] chi ra rdng hiéu ing nay c6 thé 1am mirc nhiéu tai tan sé trung
gian (IF) ting t6i 6 dB so v&i nhiéu pha gbc; dong thoi, mirc nhidu pha con ting theo
quy luat 20 - log,o,(N) v&i N 1a hé s6 nhan tan, khién cac ra-da FMCW hoat dong ¢
tan sb cao dic biét nhay cam véi loai nhiéu nay.

Nhu vay, nhidu pha dat ra giéi han co ban déi véi do nhay, do phan giai va dai
dong cua hé thdng ra-da, dic biét trong cac kich ban phat hién muc tiéu c6 tiét dién phan
Xa nho (RCS thap), chinh 1a nhém muc tiéu trong tim ma ra-da phan giai cao hudng dén.

b. Nhiéu tiéu cuc (nhiéu méi trirong)
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Khac vé6i tap ndi bd bit ngudn tir bén trong hé thng, nhidu tiéu cuc phat sinh tir
moi trudng bén ngoai khi tin hiéu ra-da phan xa trén cac vat thé hoic bé mit khong
phai muc tiéu. Dy 13 loai nhidu c6 anh hudng chi phdi trong thuc té van hanh, bsi
cuong do va dic tinh théng ké cta né bién d6i manh theo diéu kién dja hinh, thoi tiét
va kich bén trién khai. Nhiéu tiéu cuc duoc chia thanh hai nhém chinh theo nguén géc.

Nhém thir nhdt 13 nhidu tiéu cuc tu nhién, phat sinh khi tin hi¢u ra-da phan xa
trén cac bé mat va ddi twong tu nhién trong moi trudng. Xét theo dic tinh khong gian,
nhom nay gdm hai dang chinh: (1) Nhiéu bé mit phan xa tir mit dat va dia hinh, dic
biét manh trong cac ving d6i nti va do thi, cing v6i phan xa tir mit bién co dic tinh
thong ké bién do6i phirc tap theo trang thai song bién va goc téi va (2) Nhiu thé tich
phan xa tir cac hién tuong khi twong nhu mua, may, swong mu [12], [13] (Hinh 1-2).

Hinh 1-2. Nhiu phan xa tir mit dit, mét bién va khi twong trén man hinh ra-da
Bén canh hai dang nhi&u phan b rong nay, trong méi trudng tu nhién con ton
tai cac ngudn nhidu roi rac diém (Hinh 1-3), cac d6i twong riéng 1€ co tiét dién phan
Xa tap trung nhu chim, c6n trung [14] va cac ciu trac ¢b dinh (tda nha, cbi xay gio,
cot dién) [15]. Khac véi nhidu bé mat va nhidu thé tich vén tao ra nén nhiéu phan b
lién tuc, nhiéu roi rac diém tao ra cac dinh phan xa cuc bo ¢6 cuong d6 manh va dic

trung dbp-le riéng biét, rat d& bi nham 1an véi muc tiéu thyc.
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Hinh 1-3. Nhiéu roi rac trén man hinh ra-da

Nhém thie hai 13 nhiéu tiéu cuc c6 to chite, dugce tao ra ¢ chu dich nham danh
Itra hé thong ra-da, bao gdbm cac phuong tién nhu mdi nhir, phan xa goc va cac dang
muc tiéu gia khac [16]. V& ban chat, cac phuong tién nay ciing hoat dong theo nguyén
1y phan xa thy dong giéng nhiéu tiéu cuc tu nhién, nhung duoc thiét ké t6i wu vé kich
thudce, hinh dang va vat li¢u dé tao ra tin hiéu phan xa c6 dac tinh tuong ty muc ti€u
that, day chinh 1a dang nhiéu roi rac diém duoc tao ra ¢ chu dich, voi mac do danh
Itra cao hon so véi cac ngudn ty nhién.

c. Nhiéu tich cuc

Nhiéu tich cuc 1a nhidu duoc tao ra bang cac ngudn ning luong dién tir bén
ngoai, bao gdbm nhiéu tich cuc cé td chire (tir cac mdy phat gay nhifu) va nhidu tich
cuc tu nhién (tir cac dai ra-da lan can hoac thiét bi dién khac).

Trén co so phan tich cac nhém nhiéu néu trén, luan 4n xac dinh pham vi nghién
ctru theo hai tiéu chi: (1) nhidu c6 vai tro chi phdi chat lugng phat hién cua ra-da
FMCW giam sat tam thap va ra-da xung canh gi6i tim xa; (2) nhiéu c6 thé xir Iy bang
cac bién phap k§ thuat trong chudi thu-phat, xir 1y tin hiéu va phét hién cua dai ra-da.

Can ctr céc tiéu chi nay, luan an khong dat nhiéu tiéu cuc ¢6 td chirc va nhiéu

tich cuc vao pham vi nghién ctru. P61 véi nhiéu tiéu cuc co to6 chuc, dac tinh cia
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ngudn nhidu do ddi phuong chu dong thiét ké va thay ddi theo timg kich ban tac chién,
do d6 khong thé mo hinh héa nhu mét hién twong mdi truong co tinh 6n dinh. D6i
véi nhidu tich cuc, co ché tac dong 1a buc xa nang luong dién tir truc tiép vao may
thu, khac vé ban chat véi nhidu phan xa; cac bién phap dbi pho v6i nhom nhidu nay
thudc linh vuc chéng nhiéu trong tac chién dién tir va 1a mot huong nghién ctru doc
lap. Bén canh d6, nhiéu nhiét cia may thu khong duoc xem xét nhu mot ddi tuong
xtr 1y riéng ma duoc coi 1a mot thanh phan cta nén nhiéu hon hop.

Nguoc lai, luan an tap trung nghién ctru ba nhom nhiéu théa man dong thoi ca
hai tiéu chi trén. Thtr nhat, nhidu pha 13 gi6i han ndi tai cua ra-da FMCW do qué trinh
thu va phat dién ra dong thoi; nhiéu pha lam nang san nhiu va che lap cac myc tiéu co
RCS nho. Thir hai, nhidu roi rac 1a nguyén nhan chi yéu gy bao dong 1am trong giam
sat tam thap, do cac dic trung van toc, RCS va vi dop-le ciia cac ddi tugng gy nhiéu
c6 mtc trung lip cao v6i drone. Thir ba, nhiéu hon hop 1a méi truong van hanh thuong
truc clia ra-da xung canh gidi tim xa; nén nhiéu phi Gauss va khong déng nhét theo
khong gian 1am sai 1éch ngudng phét hién cta cac thuat toan CFAR truyén thong.

Tu do, nd1 dung nghién ctru cua luan an duogc td chirc theo hai hudng, mdi huong
gan v6i mot cau hinh ra-da va nhém nhiéu dic thi nhu sau:

Huwéng thir nhit - Xir Iy nhiéu pha va nhiéu roi rac trong ra-da FMCW: Ra-
da FMCW c¢6 dic thu thiét ké nho gon, ang-ten thu-phat bo tri gan nhau, khién tin
hiéu ro ri tir kénh phat sang kénh thu gay nhiu pha noi tai, nang cao mirc nén nhiéu
trong pho tin hiéu tan sé phach va lam suy giam kha nang phat hién muc tiéu c6 RCS
nho & cu ly xa. Pong thoi, trong tng dung giam sat tam thap, hé thong phai phat hién
drone (RCS ¢& 0,01 m? gitta nén nhiéu roi rac tir chim (RCS 1+100 ¢m?), phuong
tién giao thong va cong trinh kién trtc, cac dbi tuong co tiét dién phan xa va dac trung
dop-le twong dong v4i muyc tiéu, gay bao dong 1am ¢ quy mo 16n. Luan an nghién ctru
giai phap giam nhidu pha thong qua nang cao hé sb cach ly thu-phét ngay tir khau
thiét ké phan ctng ing-ten, dong thoi khai thac dic trung vi dop-le va dic diém
chuyén dong dé phan biét muc tiéu drone véi nhiu roi rac trong méi truong hon hop.

Huwéng thir hai - Xir Iy nhiéu hén hop va phdt hi¢n thich nghi trong ra-da
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xung: Ra-da xung canh giéi tim xa hoat dong trong méi trudong nhidu tiéu cyc da
ngudn: nhidu dja vat, nhidu bién va nhiéu khi tuong thuong chong chat dong thoi, tao
nén nhidu hdn hop phi Gaussrian, khéng dong nhit theo khong gian va bién ddi theo
thoi gian. Céac thuat toan CFAR truyén théng gia dinh nén nhiéu dong nhat nén khong
duy tri duoc xac sudt bao dong 1am 6n dinh trong diéu kién nay. Luan 4n nghién ctu
két hop xir Iy da bup séng nham nang cao SNR vé&i phuong phap phat hién CFAR
thich nghi c6 kha ning tu diéu chinh theo dic tinh nhiéu thay d6i, dong thoi dap ung
rang budc xu 1y thoi gian thuc.

1.2 Téng quan vé cac cong trinh nghién ciru va thiét lap cac bai toan cin giai

quyét trong luan an

Trén co s& ba dang nhiéu trong tAm da dugc xac dinh & Muc 1.1.2, phﬁn nay
trinh bay tong quan c6 hé thdng cac cong trinh nghién ctru lién quan dén ting dang
nhiéu. V&i mdi dang nhiéu, luan an 1an lugt khao sat tinh hinh nghién ciru trong nude
va trén thé gidi, phan tich cac két qua da dat duoc cing cac han ché con ton tai; trén
co s& doi chiéu hai nhanh nay, luan 4n x4c dinh khoang trong khoa hoc va hinh thanh
bai toan nghién clru twong tmg. Ba muc 1.2.1, 1.2.2 va 1.2.3 duéi day tuong ung voi
ba tAng xtr Iy: tang cao tan, ting dic trung va tang phat hién thich nghi.

1.2.1 Nhiéu pha ¢ tang cao tan trong ra-da FMCW

a. Tinh hinh nghién ciru trong nuoc

Trong pham vi khao sét ctia luan an, chua ghi nhan cong bo trong nudc tap trung
vao bai toan han ché nhidu pha do tin hiéu ro phat - thu trong ra-da FMCW thong qua
nang cao hé s6 cach ly ngay tir khau thiét ké ang-ten. Cac cong bd trong nuée vé ang-
ten mang cho ra-da cha yéu huéng toi cac chi tiéu buc xa nhu hé sé khuéch dai, muc
bup phu va dai tan cong tac; hé s6 cach ly giita kénh thu va kénh phat chua dwoc dat
ra nhu mot tham s6 thiét ké co rang budc tryuc tiép voi chat luong nhiu pha cua hé
théng. Trén thuc té, cac doanh nghiép cong nghiép qudc phong trong nudc da lam
cha thiét ké, ché tao nhiéu dai ra-da giam sat tam thap sir dung nguyén Iy FMCW,
nhung cac két qua lién quan dén kiém soat tin hiéu ro chii yéu mang tinh giai phap

k¥ thuat noi bo, chua duoc hé théng hoa va cong bd dudi dang nghién ciru khoa hoc.
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b. Tinh hinh nghién civu trén thé gidi

Pé kiém soat va han ché nhidu pha trong hé thong ra-da FMCW [17], nhiéu
nghién ctru da d& xudt cac giai phép tiép can khac nhau [18] [19] [20] [21].

Chen va Niknejad (2024) [18] gi6i thiéu k¥ thuat triét tiéu nhiéu ro ri trong mién
RF bang cach phdi hop TX/Replica 1Q-Mixer va bd cong Wilkinson. Bang cach tao
tin hiéu bu nguoc pha /80° tai dau vao b thu (RX), phuong phap nay dat hiéu qua
triét tiéu nhiéu ro ri >20 dB, gitp cai thién do nhay thém 10 + 15 dB va mé rong dai
dong cho viéc phat hién muc tiéu cu ly gan. Tuy nhién, dé duy tri hiéu suét, hé thong
yéu cau d6 chinh xac khat khe véi sai s6 pha <7° va bién d6 <0,5 dB. Mic du tdi vu
hoa dugc nhidu pha va nhiu 1/f & tan sb thap, viéc tich hop cau truc replica nay
lam tang dién tich chip va tiéu thu ning luong tir 25% dén 30%, gay kho khin cho
cac tng dung cong suét thap.

Junhyeong Park (2017) [22] d& xuat ky thuat chuyén ddi ha tan sir dung
oversampling (N = 4) dé dich tan s6 tan s phach cua tin hiéu ro ra khoi dai pho muc
tiéu, két hop v6i bo dao dong s6 (NCO) dé triét tiéu thanh phan ro. Két qua thuc
nghiém cho thiy muc cai thién nén nhiéu dat tir 2,1 dB & ving cu ly xa ¢én 7,0 dB ¢
vung cu ly gan [22]. Toan bd qué trinh xur Iy dwoc thyc hién trén nén tang DSP ma
khoéng can phan ctimg bd sung, tuy nhién phu thudc vao tin hiéu rd c6 céng suit chiém
vu thé va yéu cau tée do 1ay mau cao (gap 4 1an téc do Nyquist), kéo theo chi phi bo
s6 hoa ting dang ké.

Weyer (2018) trién khai bo téng hop tan s FMCW dua trén kién trac ADPLL
tich hop bo chuyén doi thoi gian-sd (TDC) dinh dang nhiéu delta sigma béc ba. Ky
thuat nay day nhidu luong tir hoa ra xa tan sb trung tim, gitp hé théng dat murc nhidu
pha noi dai -115 dBc/Hz (tai offset 1 MHz) va hd trg 6 ddc quét tan (tan sb slope) cuc
dai 173 MHz/us. Tuy nhién, viéc hién thuc hoa bd TDC béc cao trén tién trinh CMOS
65 nm khién dién tich 15i chiém 0,86 mm? va tiéu thu cong suat 39,6 mW, dong thoi
yéu cau thuat toan hiéu chinh phuc tap dé duy tri sai sb tin s6 RMS duéi 824 kHz.

Kashif Siddiqa va cong su (2019) [11] da dé xuat mo hinh t6i uu hoa bd tong hop
tan s6 PLL nham cn bang giita bang thong vong lap va dic tinh nhidu pha. Phuong
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phap nay cho phép kiém soat nhidu pha dat muc -85 dBc/Hz tai tan sb offset 100 kHz,
gitip cai thién ti sb tin hiéu trén nhidu (SNR) tir 3+5 dB, tir d6 gia ting dang ké kha
nang phat hién muyc tiéu c6 dién tich phan xa (RCS) nho. Tuy nhién, viéc siét chit kiém
so4t nhidu pha doi hoi quy trinh ché tao phrc tap va tao ra sy danh doi truc tiép vé mit
hé théng: khi bing thong quét (sweep bandwidth) bi gii han tir 4 GHz xuéng 2 GHz,
do phan giai khoang céach sé bi suy giam tir 3,75 ¢cm 1€n 7,5 cm. Pay chinh 1a gidi han
k¥ thuat can giai quyét dé duy tri do chinh x4c cao trong cac (mg dung ra-da dai rong.

Rezaei va Mohammadpour-Aghdam (2020) [23] da dé xuit phuong phap hiu
xur 1y dua trén viéc giai bai toan ngugc (inverse problem) dé triét tiéu nhiéu pha trong
ra-da FMCW. Bang cach st dung cdu trac phan cing hai nhanh gdm mot kénh thu
chinh va mot kénh tham chiéu qua duong tré (delay-line), thuat toan cho phép udc
lwong chinh xac nhidu pha tirc thoi va giam san nhiéu hé thong thém 15 + 20 dB. Tuy
nhién, phuong phap nay ton tai nhitng han ché dang ké vé mat trién khai: hé thong
yéu cau su dong bo khit khe giira bo ADC va dudng tré vat 1y, dong thoi khdi luong
tinh toan cuc 16n khi giai bai toan ngugc doi hoi bd xir Iy DSP/FPGA hiéu nang cao.

Ken B. Cooper va cdng sy (2021) [24] da dé xuat phuong phap triét tiéu nhidu
pha bang cach khai thac tinh d6i xtmg ctia phd nhifu quanh tan s trung tim cta tin
hiéu phach (beat-frequency signal). Bang k¥ thuat xtr 1y tin hiéu s6 (DSP) dé thuc
hién phép khir ddng pha giita hai nira phd dbi xing, phuong phap nay dat duoc mirc
cai thién dai dong (dynamic range) Ién dén 18 dB va giam san nhidu xudng mirc gan
v6i giGi han nhiéu nhiét (thermal noise floor). Tuy nhién, hiéu qua cua giai phap nay
bi han ché boi yéu cau khat khe vé tinh dbi xtmg 1y tuéng cta phd nhidu pha-diéu
vbn thuong bi pha v& do hién tuong phi tuyén tinh cta bo tao dao dong ndi (LO). Bén
canh do, viéc thyc hién cac phép toan phirc tap trén mién tan sé doi hoi bd vi xu ly
DSP c6 cong suét tiéu thu 16n va hiéu ning cao, truc tiép lam ting chi phi phan cing
va gia thanh tong thé cua hé thong ra-da.

El-Awamry va cong sur (2025) [25] d thiét 1ap mo hinh phan tich toan dién vé tac
dong cua nhidu pha 1én do chinh xac wdc lwong khoang cach trong hé théng ra-da st

dung hai bac cao cua tin hiéu diéu ché. Bang cach két hop bo tong hop tan sb PLL va
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DDS d tao tin hiéu phat c6 do tinh khiét phd cao, nghién ctru da ching minh rang viéc
Kiém soét nhidu pha gitip giam sai s6 do khoang cach xuéng muc milimet ngay ca trong
cac kich ban SNR thp. Két qua thuc nghiém x4c nhan hé théng dat d6 1éch chuan sai s6
khoang cach (RMSE) chi khoang 1,2 mm tai khoang cach 5 m véi bang thong hi¢u dung
duoc mé rong nho ky thuat khai thac hai bac cao. Tuy nhién, phuong phap nay déi mat
v6i thach thirc 16m vé mat trién khai khi yéu cau su phéi hop chat ché giita phan cting RF
bang thong rong va thudt toan xir Iy tin hiéu s lién tuc trong thoi gian thyc. Viée duy tri
d6 6n dinh pha giita cac bac hai khong chi 1am ting do phirc tap cta bd loc ma con doi
hoi tai nguyén tinh toan 16n dé hiéu chinh cac sai s6 phi tuyén phat sinh, gay kho khin
cho viéc tich hop trén cac thiét bi ra-da cam tay hoidc cong suét thap.

c. Khodng tréng va bai todn nghién ciru thir nhat

Khoéng trong va bai toan nghién ciru thir nhat: Gidm nhiéu pha trong ra-
da FMCW. Tt tong quan cac nghién ctru lién quan c6 thé nhan thy, bai toan giam
nhiéu pha trong ra-da FMCW da duoc tiép can theo nhiéu hudng: t6i wu nguon tin
hiéu phat [11], [25], thiét ké bo dao dong c6 d6 6n dinh pha cao, xtr 1y tin hiéu s hau
ky [22], [23], [24] hodc st dung mach bu tin hi¢u ro [18]. Mac du cac giai phap nay
dat hiéu qua dang ké, phan 16n déu 1am gia ting do phic tap cua hé théng ca vé phan
ctmg 1an thuat toan xr 1y. Pic biét, cac nghién ciru hién nay chu yéu tap trung vao
xtr Iy & khéi phat hodc hau xt 1y tin hiéu, trong khi hudng tiép can tir thiét ké ang-ten
nham nang cao hé s cach ly giita kénh thu-phat, qua d6 han ché tryc tiép tin hiéu ro
gy nhiéu pha, van chua dugc khai thac mot cach hé thong va day du. Pay 1a mot
khoang tréng nghién ctru c¢6 ¥ nghia, dic biét trong bdi canh yéu cau giam thiéu do
phirc tap va nang cao kha nang tich hop ciia cac hé thong ra-da FMCW hién dai.

Bai toan nghién ctru thir nhat: Xdy dung va t6i wu cdu triic ang-ten thu-phdt
c6 hé sé cdach ly cao cho ra-da FMCW nham gidm thiéu nhiéu pha do tin hiéu ro,
dong thoi dam bdo cdc yéu cdu vé ddc tinh birc xa va kha néng tich hop hé thong ma
khéng lam gia tang dang ké dg phirc tap phan citng. Noi dung ndy dwoc trinh bay chi
tiét trong Chirong 2, Muc 2.1.

1.2.2 Nhiéu roi rac 6 tang dic trung trong ra-da FMCW
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a. Tinh hinh nghién ciru trong nuoc

Nguyén Vin Béc va cong su [26] dé xuat phuong phap nhan dang drone dwa
trén du vét tin hiéu vo tuyén diéu khién. Chan dung phd - thoi gian dugce tién xtr 1y
bang k¥ thuat CA-CFAR trude khi dua vao mang no-ron tich chap; phwong phap
phan loai dugc 17 loai drone vdi d chinh xac trén 96% & muc SNR —15 dB trén tap
dir liéu da cong bd. Hudng tiép can thu vo tuyén co do tin ciy nhin dang cao nhung
phu thude vao viéc drone c6 phat xa tin hi¢u diéu khién; chinh nhom tac gia cling chi
ra rang cic phuong phap dya trén ra-da con gip kho khan khi phét hién drone kich

thude nho bay ¢ do cao thap.

Déi voi hudng khai thac dic trung vi dop-le trén ra-da, Nguyén Ngoc Binh va
cong su [27] d& xuat thuat toan khir nhidu tring Gauss cho tin hiéu tho cua ra-da
FMCW bing K (24 GHz) trudc khi phan loai hoat dong ciia nguoi bang mang no-ron
tich chap nhe CRCNN. Thuat toan chon khoang 6 cy ly t6i wu theo tiéu chi entropy
thong tin cuc tiéu, sau d6 ap dung ngudng cit trén timg khung STFT; nhd d6 d6 chinh
xéac phan loai duoc cai thién dang ké va dat trén 99% o mirc SNR —10 dB. Trudc do,
Lé Hai va cong su [28] di dé xuat mang Dop-DenseNet nhan dang cit chi tay dua trén

chan dung vi ddp-le cua ra-da.

Céc cong trinh [27], [28] cho thay tiém ning cua dic trung vi dép-le trong phan
loai muc ti€u, song dugc thuc hién & cu ly ngén (vai mét), trén dir 1iéu mo phdéng hoac
moi trudng trong nha. Nhidu duge xét cht yéu 1a nhidu trang cong tinh, chua phai nhidu
101 rac tir chim va phuong tién giao thong - von c6 dic trung van tée, RCS va vi dop-
le tring 13p v6i drone. Piéu nay cho thdy nhu cau vé cac giai phap ra-da c6 kha ning
phét hién va phan biét drone & cy ly xa trong moi trudng nhiéu roi rac phuc tap.

b. Tinh hinh nghién civu trén thé gidi

Trong linh vyc ra-da giam sat tim thip phat hién UAV, cac nghién ctru lién quan
chu yéu tap trung vao hai hudng: (1) triét nhiéu rdi rac tir cac ddi twong khong mong
mudn nhu chim, ¢on trung, phuong tién mat dat; (2) tach biét tin hiéu cua muyc tiéu

drone khoi nhiéu roi rac dua trén cac dic trung vé phé, pha, van tdc hodc hoc may.
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V& triét nhiéu roi rac: Martin va Shapiro [29] dé xuat phuong phap phan biét
chim va con trung dua trén két hop uéc luong dién tich phan xa hiéu dung (RCS dao
dong 1+100 cm? dbi voi chim, 1073 + 1 cm? ddi v6i con tring), mat dd myc tiéu (chim
~ 5x]10%/m3, con trung ~ 10°3/m?) va dic trung van toc (chim 10 + 15 m/s, con tring
nhé hon 6 m/s) [29]. Zaugg va cong su [30] sir dung dic trung dao dong v canh véi
67 dic trung phd thoi gian-tan s két hop bd phan loai SVM dé nhan dang muc tiéu
chim. Wei-Kun He va cong su [31] dé xuat quy trinh xtr 1y hai ting két hop ban d6
nhiéu (CFAR) va thuat toan K-SVD dé loai b phan xa tir trang trai gio. Jatau va cong
su (2021) [32] khai thac dic trung phan cuc (Zpg, Ppp, Pyv) ti ra-da thoi tiét dé phan
biét chim va con trung. Liu va cong su [33] sir dung mo hinh t6i wu héa ma tran bac
thap va ma tran thua dé tach nhiéu roi rac tir cong trinh kién trac (nhu nha cao tang),
cung cac nghién ctru khac nhu [34].

Vé tach drone khéi nhiu roi rac: Nghién ctu [35] sit dung mo hinh Naive
Bayes két hop LSTM dé phan loai chudi tin hiéu dép-le, dat d6 chinh xac toi 100%
trong mot sd kich ban nhung yéu cau sb luong 16n bang ddp-le (1én dén 200 bing),
dan dén chi phi tinh toan cao va khé ap dung trong thoi gian thuc d6i véi ra-da canh
gidi. Nghién ctru [36] st dung anh vi ddp-le v6i 50.000 mau thudc bén 16p (UAV,
chim, nhiéu roi rac, nhidu hé thong) va mang CNN (GoogLeNet, Series Network), dat
d6 chinh xac 1an luot 98,74% va 94,42%, nhung yéu cau chiéu xa lién tuc 0,4s khong
phtl hop voi ra-da canh gidi ¢6 chu ky quét lién tuc va thoi gian chiéu xa ngan. Liu
va cong su [37] str dung Random Forest dua trén 5 dac trung dong hoc sau khi hinh
thanh quy dao, dat do chinh xac 85% nhung khong xur 1y nhiéu tir phuwong tién mat
dat (6 to, xe may); hon nita, dit liéu chim chi duoc thu thap trong thang 09 - 10/2019
trung mua di cu [38], c6 thé gy thién 1éch trong xay dung mé hinh.

c. Khodng tréng va badi todn nghién ciru thiz hai

Céc nghién ciru gan day veé triét nhidu rdi rac cho thay phan 16n cac phuong
phép tap trung vao bai toan phat hi¢n va phan biét muc tiéu sinh hoc, dac biét 1a chim
[29], [30], [32], va chua dugc thiét ké truc tiép cho bai toan phat hién drone trong

moi truong thyc té phic tap. RCS cia chim dao dong 1 + 100 cm2, tvong duong véi
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RCS cua drone , dan dén kho khin phan biét dya trén tin hi¢u phan xa don thuan. Céc
phuong phap [30], [36] yéu cau ra-da ¢ dinh hoic chiéu xa lién tuc, khong phu hop
v6i kién tric ra-da canh giéi. Phuong phép [32] str dung ra-da phan cuc gy phtc tap
phan cimg, [35] yéu cau sb lugng bang tan 16n gay ap luc tinh toan. Pang chu ¥, cac
cong trinh hién tai hau nhu chua xem xét day du anh huéng cta nhidu tir phuong tién
mit dat nhu 6 t6, xe may - von xuat hién phd bién trong méi trudng ra-da canh giéi.
O trong nudc, cac cong bd [26], [27], [28] tuy khang dinh tiém ning cua dic trung vi
d6p-le nhung giéi han & cu ly ngan, méi truong trong nha, hodc phu thudc vao tin
hiéu diéu khién cta drone. Nhu viy, ca hai nhanh déu chua giai quyét bai toan phan
biét drone véi nhiéu roi rac da dang trén ra-da canh gidi quét lién tuc ¢ cu ly xa.

Bai todn nghién civu thir hai: Xdy dung phwong phdp giam nhiéu roi rac trong
ra-da FMCW dua trén khai thic ddc trung chuyén déng va vi dop-le, cho phép phdn
tach hiéu qua muc tiéu drone khoi cac déi twong gdy nhiéu roi rac, trong tam la
phurong tién mdt ddt, trong diéu kién vdn hanh thuwc té, véi chi phi tinh todn hop Iy va
khéng doi héi thay déi phire tap vé phdan cirng. Néi dung nay dwoc trinh bay chi tiét
trong Chuong 2, Muc 2.2.

1.2.3 Nhiéu hén hop ¢ tdng phdt hién trong ra-da xung

a. Tinh hinh nghién ciru trong nuoc

Nguyén Manh Cudng va cong su [39] da khao sat cac chi tiéu chat lugng phat
hién cua hé théng ra-da thu dong sir dung tin hiéu truyén hinh s6 mat dat DVB-T.
Trong nghién ctru ndy, bo phat hién CFAR duoc danh gia bang mé phong voi mo
hinh myc tiéu Swerling 5 va nhidu cong tinh theo cac phan bd khac nhau; két qua
cung cap dic tuyén phat hién theo ty sd tin/nhidu lam co sé thiét ké. Tiép ndi hudng
nay, Nguyén Tién Hai va cong su [40] danh gia anh hudng cta cic mo hinh nhidu
nén (Weibull, Lognormal, Rayleigh va Gauss) dén kha ning phat hién muc tiéu bay
cua ra-da thu dong str dung ky hi¢u P1 cua tin hiéu DVB-T2, bé’mg mo phong Monte
Carlo v6i mé hinh myc tiéu Swerling 5. Nghién ctru cho thdy mdi loai nhidu nén ¢
dic tinh thong ké riéng va tic dong khac nhau dén hiéu ning phat hién, qua d6 khang

dinh yéu cau lya chon diing mo hinh nhiéu khi thiét ké va danh gia hé thong.
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Tuy nhién, ca hai cong trinh déu thuc hién trén mo hinh nhiéu gia dinh v&i mot
phan bd don 1¢ tai mdi kich ban. Nén nhidu hon hop, khong dong nhat theo khong
gian va bién ddi theo thoi gian nhu thu duoc tir dai ra-da xung canh giéi thuc chua
dugc xét dén; giai phap két hop xir 1y da bup song voi phat hién thich nghi ciing chua
duoc dé cap.

b. Tinh hinh nghién civu trén thé gidi

Céc phuong phap xtr 1y nhiéu hdn hop trén ra-da xung [17] c6 thé duoc phan
thanh bén nhém chinh:

Nhém 1 - Thuit toan xir Iy trén mién tan s6: MTI [41] sir dung bo triét nhidu
mot chu ky dé loai bé muc tiéu tinh nhung han ché v&i muc tiéu di chuyén cham.
MTD [42] két hop bo loc dp-le va CFAR, khic phuc mot phan han ché nay. Cac
nghién ciru [43], [44] 4p dung bién d6i wavelet roi rac dé cai thién triét nhidu, tuy
nhién hiéu suét bi gi6i han trong hé thong c6 tan so ldp xung thap.

Nhém 2 - Thuit toan CFAR va cac bién thé:

CFAR véi phin bé nhiéu Gauss: Nhiéu bién thé CFAR [45] [46] da dugc phat
trién nham thich tng vdi cac dic tinh nén nhiu khac nhau. CA-CFAR [47] st dung
trung binh cac 6 nhiéu xung quanh 6 kiém tra dé xac dinh ngudng, hoat dong tot trong
moi truong dong nhat nhung suy giam hiéu ning khi nén nhidu khéng dong nhét. OS-
CFAR [48] dung thong ké thtr ty, cho két qua tét hon trong diéu kién nhiéu muyc tiéu
giao thoa hodc nhiéu bién, nhidu khi tuong [49]. GO-CFAR va SO-CFAR [50] lwa chon
ngudng dua trén phia c6 muc nhidu cao hon hodc thip hon, phi hop véi ving chuyén
tiép nén nhidu nhung dé& sai s khi cau triic nhidu bat ddi xtmg. TM-CFAR [51] loai bo
cac phan tir ngoai lai trong ving tham chiéu trude khi tinh trung binh, hiéu qua trong
mai trudng c6 nhidu cuc bd manh nhung khé téi wu s6 phan tir can loai bo. GM-CFAR
[52] dung trung binh hinh hoc, nhay hon véi bién dong ty 1& mirc nhidu (phtt hop phan
b6 Pareto) nhung kém hiéu qua trong nén dong nhat. Nghién ctru [53] mé rong theo
huéng moé hinh héa quan hé giira hé s6 ty 1& ngudng va xac suat bao dong 1am trong
khong gian hai chiéu cu ly-ddp-le cho ra-da DDMA FMCW MIMO, cho phép ndi suy
ngudng thich ng tai tmg vi tri ludi theo ddc trung nhidu khong dong nhét.
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CFAR véi phin bo nhiéu phi Gauss: Dbi v6i nhidu phi Gauss, cic cong trinh
d3 dé xudt CFAR duya trén phan bs Weibull, K-distribution, Gamma va compound-
Gauss voi texture GIG. Cong trinh cta Rifkin [54] 1a mot trong nhirng nghién ctru
som dua ra mo hinh CFAR duya trén nén nhidu Weibull. Tiép ndi hudng nay, Xiangwei
Meng (2013) [55] da phan tich hiéu ning ctia bo phat hién OS-CFAR két hop tich
phan nhi phan trong diéu kién nén nhidu dong nhit va khong dong nhit theo Weibull
v6i tham s6 dang dao dong tir 0,5 dén 2,0. Két qua thuc nghiém xac nhan rang viéc
sir dung quy tac tich phan M/N gitip cai thién xac suat phat hién tir 15% dén 25% so
v6i phuong phap xir Iy don xung truyén théng trong diéu kién SNR thap. Tuy nhién,
hiéu nang cua hé théng phu thudc chat ché vao viéc udc luong chinh xac tham $6
Weibull va Iya chon ngudng tich phan tdi wu; néu cau hinh khong phu hop, bao dong
1am c6 thé tang vot tai cdc ving ranh gidi nhiéu khong dong nhat, gy ap luc tinh toan
16m cho bd x1r 1y tin hi€u khi phai duy tri ngudng thich nghi lién tuc.

Déi voi moi truong nhidu nén c6 phan bd K, Yanwei Xu va cong sy (2015) [56]
da dé xuat bo phat hién FSNF-CFAR (Fuzzy Statistical Normalization Fuzzy CFAR)
két hop chuin hoa théng ké va logic mo (fuzzy soft decision) dé xir 1y nhiéu nén phan
bd K. Két qua md phong cho thay thuat toan ndy cai thién xac suat phat hién tir 5%
dén 12% so v6i cac bd CA-CFAR va OS-CFAR truyén thong trong diéu kién nén
nhidu khong dong nhit c6 d6 nhap nhé (spikiness) cao. Uu diém vuot trdi cia FSNF-
CFAR 1a kha nang cung cdp muc d thanh vién (membership degree) giup toi uu hoa
viéc hop nhat dir lidu, tuy nhién, viéc thiét 1ap cac ham mo doi hoi thong tin chinh
xac va khéi luong tinh toan ting thém khoang 20+30% so véi cac thuat toan thong
ké truyén thong.

D4i voi nén nhidu phan bé Gamma, Wei Zhou va cong su (2018) [57] da dé
xuat bo phat hién MLG-CFAR (Maximum Likelihood Gamma CFAR) dua trén
phuong phap uée lugng kha niang tdi da (MLE). Két qua thuc nghiém cho thay MLG-
CFAR duy tri tinh chat CFAR 6n dinh véi tham s6 ty & va dat xac suat phat hién cao
hon khoang 1,5+2,5 dB V¢ lgi suat SNR so véi bd phat hién CA-CFAR va OS-CFAR
trong diéu kién nén ddng nhat. Pic biét, trong kich ban da muyc tiéu, MLG-CFAR
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giam thiéu hién tuong che 1ap (masking effect) v6i d6 1éch ngudng thip hon dang ké
so voi cac phuong phép truyén thong. Tuy nhién, nhuoc diém ctia phwong phap 1a 6
phtrc tap tinh toan cao do phai giai phuong trinh hop 1y cuc dai (log-likelihood) chira
ham digamma, giy kho khan cho viéc xir Iy dong dit liéu téc do cao néu khong cé
cac cAu trac phan ctng chuyén dung dé xap xi ham sé.

Mot mé rong quan trong trong xir Iy CFAR duéi nén nhiéu phi Gauss dugc trinh
bay trong [58], trong d6 nén nhidu dwoc mo hinh hoda theo cdu triic Gauss té hop
(compound-Gauss), trong d6 thanh phan bién thién cudng do (texture) dugc mé hinh
hoa theo phan bd GIG (Generalized Inverse Gauss). Trén co so kiém dinh ty s6 kha
nang tong quat hai budc (two-step GLRT), tic gia xay dung bo phat hién tdi uu trong
d6 tham sb texture duoc wdc lugng theo cuc dai kha niang (MLE) théng qua nghiém
ctia phuong trinh phi tuyén c6 chira ham Bessel sira doi loai hai K,,. Do viéc tinh tric
tiép cac ham Bessel bac cao 1am ting ddng ké do phirc tap (ddc biét khi phai lap dé
giai MLE cho timg 6 kiém tra), bai bdo dé xuat mot cau tric gan tdi wu 13 bo loc a-
MF (« matched filter), trong d6 hé s6 a dwoc chon dé xap xi nghiém tdi uu cua GLRT.
Cach tiép can nay loai bo nhu cau tinh toan ham Bessel va giam sb phép lap, giap
giam chi phi tinh toan xuéng muc phit hop cho xir 1y gan thoi gian thuc. Két qua mo
phong trong [58] cho thay bo loc a-MF dat hiéu nang gan tdi uu, véi suy hao nho hon
khoang 0,5 dB so v¢i GLRT tai P; = 0,9, P, = 107*, dong thoi van duy tri tinh chat
CFAR theo ma tran hiép phuong sai speckle va véc-to ddp-le. Tuy nhién, phuong
phap van phu thudc vao udc lugng tham sé cua phan bd GIG va ma tran hiép phuong
sai, nén do chinh xéac c6 thé suy giam khi s mau huan luyén han ché hoic méi truong
nhiéu bién d6i nhanh; ngoai ra, viéc lya chon tham sé a téi vu gip khé khin, thuong
phai hiéu chinh thyc nghiém.

CFAR két hop kiém dinh théng ké: HCE-CFAR (Heterogeneous Clutter
Estimating CFAR) [59] dugc dé xuat cho méi truong nhiéu khong dong nhat gom
nhiéu mién théng ké khac nhau trong ctra s6 tham chiéu. Thuat toan st dung kiém
dinh gia thuyét boi dé phat hién va dinh vi diém chuyén tiép (change point) giita cac

mién nhi€u, sau d6 4p dung udc luong cuc dai (MLE) riéng cho tirng mién nham xac
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dinh tham s6 phan b va lya chon tdp mau phu hop cho 6 kiém tra. Nho d6, ngudng
phat hién dugc thiét 12p dya trén mién nhiéu "déng nhat cuc bg", thay vi toan b0 ctra
s6 nhu CA-CFAR. Phuong phap dic biét hiéu qua trong cac kich ban c6 bién nhiéu
rd rét (vi du: sea-land clutter edge), noi cac bd CFAR c6 dién thudng bi sai léch
ngudng trén 1+2 dB do troén mau. Tuy nhién, HCE-CFAR c6 d6 phuc tap cao hon do
phai thyc hién lip kiém dinh va u6c luong cho nhiéu gia thuyét phan doan; hiéu ning
phu thudc manh vao dg chinh xac phat hi¢n diém chuyén tiép va s6 mau huin luyén,
dé suy giam khi bién nhiu khong rd rang hoic nhiéu bién thién lién tuc. Nghién ctru
gan ddy [60] dé xuit khung CFAR cho PoISAR dura trén nghich dao Gil-Pelaez, cho
phép tinh truc tiép phan phdi ctia bién kiém dinh tir ham déc trung ma khong can gia
dinh mo hinh nhiéu. Két qua cho thiy phuong phap duy tri CFAR chinh xac va cai
thién kha nang phat hién, voi s6 muc tiéu phat hién 12+13 muc ti€u, cao hon so vdi
phuong phap Parzen trong ciing diéu kién. Tuy nhién, phuong phép yéu cau tinh tich
phan nghich dao dao dong, dan dén chi phi tinh toan cao va nhay véi sai s6 s6 hoc
khi s6 mau han ché.

CFAR két hop hoc mdy va hoc sdu: Wang va cong su (2017) [61] dé xuit SVM-
CFAR sir dung chi sb bién thién (V1) dé phan loai méi trudng nén, cho phép lya chon
thich (mg gitra cac chién lugc ACCA-CFAR hoic GO-CFAR tuy theo dic tinh nén
nhiéu. Jiyeon Choi va cong su (2025) [62] st dung mang tich chap ba chiéu (3D-
DCNN) dé khai thac thong tin quy dao theo thoi gian trong ban do cy ly-dbp-le da
khung; két qua thuc nghiém trén ra-da FMCW 77 GHz cho thdy giam Prq tur 104
xudng con 10 = 105, véi thoi gian xir Iy mdi khung chi 0,04 gidy (nhanh hon 450
1an so v6i xtr 1y toan bo ban d6 cu ly-ddp-le) [62], tuy nhién yéu cidu GPU va qua
trinh huan luyén phuc tap. Kaixuan Liu va cong sy (2023) [63] dé xuat CK-CFAR tin
dung tri thirc vé& méi trudng nén thong qua VGG-16 va BiLSTM dé phan loai phan bd
nhiéu (Weibull, log-normal, K-distribution), tir 46 truy xuat tham s6 phu hop cho tinh
toan ngudng phat hién.

Nhém 3 - Xir Iy da biip séng: Xir 1y da bup song dua trén dng-ten mang pha s6

cho phép tao dong thdi nhidu bup va thuc hién song song céc tac vu tim kiém-bam [64]
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[65]. Trong [66], hé MPAR c6 thé phan chia mang thanh cac subarray dé thuc hién
d6ng thoi volume search (0,5 MHz) va cued search (3 MHz) trong khi vin nam trong
tong bang thong 10 MHz, véi tai nguyén thoi gian dugce khai thac téi = 90% cho nhiém
vu tim kiém ma van theo ddi dong thoi 6 muyc tiéu. K§ thuat beamforming thich nghi
(vi du LMS trong [67]) cho phép diéu chinh trong sb dé tao null theo huéng nhiéu, tap
trung nang luong va giam sai s6 wéc luong khi SNR tang (Hinh 1-4, Hinh 1-5).
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Hinh 1-5. Bup song nulling (trai) va bup song co-séc (phai)

Tuy nhién, viéc phan chia mang lam giam power-aperture trén tirng bup, dan
dén suy giam kha ning phat hién theo ting hudng; déng thoi hiéu ning beamforming
phu thudc manh vao udc lugng ma tran hi¢p phuong sai va déng bd pha-bién df gitra
cac kénh, lam ting d6 phirc tap phan cimg va xu 1y.

c. Khodng tréng va bai todn nghién civu thiz ba

Mic du cac phuong phap CFAR di c6 nhiéu tién bo, ching van boc 16 han ché khi
ap dung thuc té: nén nhidu bién doi phurc tap, khong xac dinh trude vé loai phan b 1an

vi tri xudt hién. Cac phuong phap gan day nhu MLG-CFAR [57], GLRT hai budc [58]
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doi héi ude luwong chinh xac cac tham s6 khé dat duoc khi nhiéu khong dff)ng nhit hoic
mau han ché. Li Si va cong su [68] dé xuat phuong phap CFAR hai giai doan dua trén
siéu diém anh va md hinh udc lwong mat d6 nhan cit ngian cho anh SAR; tuy nhién
phuong phap duoc xay dung cho anh SAR, chua xét dir li¢u cua ra-da canh gidi quét lién
tuc véi nén nhifu bién doi theo thoi gian. Cac phuwong phap ndy dua trén nguyén tic
thong ké, yéu cau tinh toan phirc tap hoic mé phong Monte Carlo, khoé trién khai thoi
gian thue. Ung dung hoc may bi giéi han boi phu thudc dit liéu hudn luyén va chi phi
tinh toan 16n. Bén canh dé, cac ky thuat da bup song hién c6 chu yéu tap trung vao bai
toan diéu hudng chum hoac triét nhidu chu dong, chua duoc khai thac day da trong viéc
két hop Vé6i phat hién thich nghi dé nang cao dong thoi SNR va kha niang phan ving
nhiéu. O trong nudc, cac cong trinh [39], [40] méi dirng & mo hinh nhiéu gia dinh Véi
mot phan bd don 1é cho mdi kich ban, chua xét nén nhidu hdn hop thu duoc tir dai ra-da

xung canh gidi thuec.

Bai todn nghién ciru thiv ba: Phdt trién phwong phdp xit Iy nhiéu hén hop cho
ra-da xung théng qua két hop Xir Iy khéng gian-thoi gian va phdt hién thich nghi, trong
do: (1) thiét ké va luwa chon biip séng phdt-thu linh hoat nham ndng cao SNR; (2) xdy
dung quy trinh phat hién CFAR da giai doan cé khd néng thich mg véi sw bién déi
ciia nén nhiéu, dwa trén phdn cum nhiéu (HDBSCAN) va wéc heong phdn bé xdc sudt

bang da thirc Bernstein. Ngi dung ndy dwoc trinh bay chi tiét trong Chuong 3.

KET LUAN CHUONG

Trén co s& phan tich va tong hop c6 hé thdng, Chwong I di chi ra ba bai toan
nghién ctru, lam tién dé cho cac ndi dung dugc trién khai & Churong 2 va Churong 3.

Vé co sé khoa hoc, Chirong 1 da luan giai méi quan hé bién chimg giita dic
tinh cong nghé va tinh nhay cam véi nhidu cta hé thong ra-da phan giai cao. Chinh
cac yéu t6 mang lai wu thé phan giai (bang thong rong), dng-ten mang pha, xur 1y da
kénh dong thoi 1am gia ting d6 phic tap ctia nén nhiéu. Trén co s& phan loai nhidu
theo nguodn gbc, chuong da xac dinh ba dang nhiéu trong tim, phan anh ding cac
thach thtrc ky thuat then chdt trong thiét ké va van hanh cac dai ra-da thé hé méi:

nhiu pha va nhidu rdi rac dbi voi ra-da FMCW giam sat tAm thap, nhidu hdn hop phi
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Gauss dbi voi ra-da xung canh gi6i tim xa.

Vé khodng trong khoa hoc, két qua nghién ctru cic cong trinh trong va ngoai
nuée cho thiy cac phuong phap hién c6 déu ton tai nhitng han ché cin ban khi trién
khai thyc té [69]: (1) cac giai phap giam nhiéu pha trong FMCW chu yéu tap trung &
khéi phét hodc hiu xir 1y, 1am gia ting do phirc tap phan cung, trong khi hudng tiép
can tir thiét ké dng-ten nhdm giam truc tiép tin hiéu ro chua duoc khai thac day du; (2)
cac nghién ctru vé nhidu roi rac chua giai quyét duge bai toan phat hién drone trong
moi trudng hon hop cd nhidu ngudn nhidu da dang véi rang budc vé thoi gian chiéu xa
ngan; (3) cac phuong phap CFAR truyén thong va bién thé phi Gauss déu phu thudc
vao gia dinh phan bd hodc wéc lugng tham so - khé duy tri trong nén nhiéu bién doi
nhanh, ddng thoi chua két hop hiéu qua véi ki thuat da bup song.

Vé dinh hwong trién khai, tir ba khoang trong néu trén, Chicong 1 da hinh thanh
ba bai toan nghién ciru, dugc giai quyét theo trinh tu tir phan cimg dén thuat toan. Vai
ra-da FMCW, Bai todn I - xay dung ang-ten thu-phat c6 hé s6 cach ly cao dé giam nhiéu
pha do tin hidu 1o (Muc 2.1); Bai todn 2 - giam nhiéu roi rac, phan tach drone khoi nhiéu
roi rac, trong tim 13 phuong tién mat dat, dya trén dic trung chuyén dong va vi dp-le
(Muc 2.2). Vi ra-da xung, Bai todn 3 - két hop lya chon bup song phat-thu linh hoat
nang cao SNR v&i phét hién CFAR da giai doan thich nghi theo nén nhiéu, duya trén phan
cum HDBSCAN va xap xi Bernstein (Chuwong 3). Cach to chiic nay phan anh thuc tién
thiét ké ra-da: giai phap chdng nhiéu phai duoc trién khai dong b tir phan ciing cao tan

dén thuat toan xu 1y s6 nham dat hiéu qua téng thé trong diéu kién van hanh thyc té.
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Chuong 2
PE XUAT GIAI PHAP GIAM NHIEU PHA, NHIEU ROI RAC
NANG CAO CHAT LUQNG PAI RA-PA FMCW

Trén co s bai toan 1 va 2 da dugc xac dinh tai Muc 1.2 cua Chuong 1, Chuong
2 tap trung trinh bay cac giai phap khoa hoc - céng nghé cua luan an nhim ning cao
chat luong hoat dong ctia hé théng ra-da FMCW phan giai cao. Hai giai phap dugc
xay dung theo hai huéng tiép can bo sung cho nhau: cai thién dic tinh phan cting cia
tuyén phat-thu va toi vu hoa hiéu qua xur 1y tin hiéu tai khdi xtr 1y sau thu; dong thoi
duogc trién khai va kiém chtng trén ciing mot cu trac hé théng ra-da thir nghiém
nham bao dam tinh thong nhét khi danh gia va so sanh.

Noi dung ctia chuong dugc to chirc theo trinh tu logic di tir dat van dé 1y thuyét
dén dé xuat giai phap va kiém ching thuc nghiém. Trudc hét, Muc 2.1 trinh bay bai
toan giam nhiéu pha trong ra-da FMCW: xay dung mé hinh todn hoc mé ta anh hudéng
ctia nhidu pha dén tin hiéu tan s6 phach (beat-frequency) va ty sd tin hiéu trén tap 4m
(SNR), x4c dinh yéu cau dinh luong vé hé s6 cach ly ang-ten; trén co so d6, dé xudt
giai phap ang-ten mang khe 6ng dan song tich hop loa co hé s cach ly cao, kém theo
két qua thiét ké, mé phong dién tir, ché tao va do kiém thuc nghiém. Tiép theo, Muc
2.2 tap trung giai quyét bai toan nhidu rdi rac trong moi trudng giam sat tim thap véi
cac ngudn nhiéu da dang nhu chim, phuong tién mat dat va cong trinh kién trac.
Trong do6, chuong xay dung co s& dir li¢u thuc nghi¢m va dé xuét chudi xur 1y tin hi¢u
(md-dun DDDCR) khai thac két hop dic trung dop-le, vi dop-le, dic trung chuyén
dong ciing cac md hinh hoc may nham nang cao kha ning phat hién va phan loai muc
tiéu trong diéu kién xtr 1y thoi gian thuc. Cudi cung, Muc Két ludn chirong téng hop
cac két qua dat duoc cta chuong va rit ra nhimg két luan 1am tién dé cho cac noi
dung nghién ctru vé ra-da xung duoc trinh bay tai Churong 3.

2.1 Nhiéu pha va dé xuit giai phap giam nhiéu pha trong ra-da FMCW

2.1.1 M6 hinh todn hoc ra-da FMCW dwéi danh hwéng cia nhiéu pha

a. So do khéi va luong tin hiéu trong dai ra-da FMCW
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Hé thong ra-da FMCW duoc nghién ctru trong luan 4n sir dung kién trac may
thu tron tan. So d6 khdi nguyén 1y ctia hé thdng dugc minh hoa trong Hinh 2-1. Ludng

tin hi€u trong hé théng hoat dong theo trinh tu sau:

Muc tiéu ~ =@
Ttarget
o lgnga
X N £ T L A
Tang cao Tang cao
TTX path tﬁn phét tén thu TRX path
(TX RF) (RX RF)
D6 tré a i \
dudmg phit T Do tré duong thu
N e L < R | B \
Tint. = T1X path % ERX path
- TLo path (PO tré ndi tai)
| TLO path
D6 trd duomg LO ¢
B0 tao Tang trung Tang trung (t Xu ly
tinhiéu || tinpht dntn 28|  tinhitu
tham do LFM (TX IF) (RX IF) processing

Hinh 2-1. So' d6 khéi ciia ra-da FMCW

Tuyén phat: Khéi tao tin hiéu LFM (LFM Signal Generator) tong hop tin hiéu diéu
tan tuyén tinh (tan sd) tai tan s6 trung tan. Tin hiéu tan s6 nay c6 tan sb tic thoi ting tuyén
tinh trong mdi chu Ky quét T, véi do dbc tansé a = %. Sau khi di qua khdi tron tan phat
TX IF, tin hiéu duoc dua 1én khdi TX RF dé chuyén doi 1én tan s6 song mang RF nho bo
dao dong ndi (LO) trong tang RF. Tin hiéu RF cudi cting duoc birc xa qua dng-ten phat.
Toan b dudng di tir bd tao tin hiéu dén dng-ten phét gay ra tré ndi bd Ty path

Tuyén thu: Tin hiéu RF phan xa tir muc tiéu quay vé ang-ten thu sau tré khtr
hdi Tyarger» di qua khéi RX RF (gom bd khuéch dai tap 4m thap LNA, bo loc, bo tron

ha tan) tao thém tré Ty path»> cho ra tin hiéu r(t) tai cong RF ctia bd tron chinh.
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Tron FMCW: Day 1a co ché trung tdm cua phép do cu ly. Tin hiéu tham chiéu
s(t) tut LFM generator dua vao céng LO ctia bo tron sau tré TLo path> tin higu thu
r(t) di vao cong RF. Bo tron thuc hién phép nhan hai tin hiéu, cho ra tin hiéu trung
tan tan s6 phach x(t) c6 tan sb ty 1¢ thuan véi cu ly muc tiéu: frear = @ X Trarger-
Tré ndi bo téng hop duoc dinh nghia:

Tint = Trx path T TRX path — TLO path (2.1)

Dai luong T;,,, biéu thi chénh léch tré gitta duong tin hiéu thu (qua TX RF rdi
RX RF) va duong tin hiéu tham chiéu (qua LO). Tré ndi bd ndy tao ra thanh phan tin
sO "gia" khong lién quan dén muc tiéu. Trong thiét ké hé thng can dam bao t;,,, du
nho dé thanh phan nay nim ngoai ving cu ly quan tim.

Xir 1y tin hiéu s6: Tin hiéu x(t) di qua khdi RX IF dé ha tan loai bo song mang
IF, cho ra y(t) dugc s hoa bang ADC va dua vao khéi Digital Signal Processing.
Tai day, bién d6i FFT nhanh dugc sir dung dé trich xuat thong tin cu ly, dop-le va
cac dac trung muc tiéu.

Hién twong ro: Do khoang cach giita dng-ten phat va thu 1 hiru han, mot phan
tin hiéu phat ro truc tiép sang dng-ten thu ma khong qua phan xa tir muc tiéu. Tin
hiu ro ndy c6 cong suit rat 16n so véi tin hiéu phan xa tir muc tiéu (RCS thip), tao
ra thanh phan tan s6 “gid” & ving tan sb thap. Pay chinh 12 nguyén nhan lam ting
nén nhidu pha. Pay chinh 14 vin dé trong tAm ma ludn an can giai quyét.

b. Phwong trinh todn hoc ra-da FMCW va anh hwéng cua nhiéu pha

Tin hiéu phat (LFM): Tin hiéu tham chiéu tai cong LO c6 dang tan sb tuyén tinh:

BW
s(t) = Ascos <2nfTXt + nth + 6, + gos(t)>,0 <t<T (2.2)

Trong dé: Ay, frx, =, 65 lan luot 1a bién do, thn sb khoi dau, do dée tan sb va
pha ban dau; ¢,(t) 1a nhifu pha, dai lugng ngau nhién phat sinh tir jitter va tap 4m
trong PLL/VCO, 1a ngudn gdc truc tiép ctia van dé nghién ctru.

Tin hi¢u thu tai cong RF: Bao gom thanh phan ro tir ang-ten phat va phan xa

tr kK muc tiéu:
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BW
r(t) = A;cos (27Tfo(t — Tine) + NT (t — Tine)* + 0 + <Pl(t)>

K
BW
+ Z A, COS <2nfRX(t —At) + T (t — At)* + 0, (2.3)

k=1

+ (po,k (t)>

. N -S| ‘e 2R X
Trong do6: Ty, 1a tré ndi bo tong hop; At = Ty + T VO Top = Tk la tré

phan héi tir muc tiéu k.
U'éc lwgng nhiéu pha: Do cac bo VCO cap LO cho TX RF va RX RF hoat dong
doc lap, mdi khéi phat sinh nhiéu pha riéng bi¢t. Nhiéu pha cua tin hi¢u ro va tin hi¢u

phan xa muc ti€u k dugc udc luong:

(pl(t) =~ (ps(t - Tint) + ¢Zg RE (t — Trx path — TRx path) (2 4)
- (pfg RF(t — TRrx path)
¢0,k(t) = (ps(t — Tint — To,k) + (pz‘g RF(t —Trx path — Trx path — To,k) (2 5)

RX RF
—PLo (t — TRX path — To,k)

Déu trir trudc @FX RF xuat hién do RX RF thuc hién phép tron ha tan (pha LO bi
trir khoi pha tin hiéu).
Nhiéu pha sau trén FMCW: Sau khi bo tron nhan s(t) véi r(t), nhiéu pha

tong hop cua tan s phach leakage va tan s phach muc tiéu k 1a:

() = [ps () — s (t — Tine)] — @15 RF(t — Trxpath — TRx path) 2.6)
+ @F5 B (t — Trx pach) |
Nhiéu pha cua tan s phach muc tiéu thi k:
O ox(t) = [‘Ps () — <Ps(t — Tint — To,k)]
— 015 RF(t — Trx path — TRX path — To,k) (2.7)
+ o5y RF(t — TRX path — To,k)

Thanh phan [¢,(t) — @s(t — T)] goi 1a nhidu pha khong twong quan. Khi T nhd,
nhidu pha khong tuong quan gan bang 0, ddy 13 hiéu tng khtr nhiéu pha theo cu ly.
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Tuy nhién, nhidu pha tir cac LO RF 1a doc 14p nén khong bi khir boi co ché nay. Do
tin hiéu ro co cong suét 16n, nhiéu pha LO RF ciia né lan téa trén toan pho tan sé
phach, nang cao san nhiéu va che lép tin hiéu phan xa tir muc tiéu RCS thép.

Tin hiéu diu ra may thu (sau ha tan IF):

SPeat(t) = A;oqrCOS (anl’ggﬁtt + gpeat + gpbeat (t))

+ 2 Ay cos (ZH(ﬁggﬁt + ft%er%tet,k)t + 0,k (2.8)

k=1
beat(t))

Trong do, Zer‘get Kk = @ Typ ty 1€ thudn véi cu ly muc tiéu. Céc dai lugng pha
duogc xac dinh:

Ol = Olear — 015 " (2.9)

Pay 1a pha ¢ dinh cua tan sd phach leakage, bang hiéu giita pha c6 dinh tai
tang IF va pha c6 dinh ctia LO trong khéi RF IF.

Ploak ) = Qloar (t) — @5 ' () (2.10)

Pay 12 nhidu pha cta tan s phach Ieakage sau ha tan, bang hiéu giita nhidu pha
tai ting IF (d4 tinh ¢ (2.6)) va nhidu pha cua LO trong budc ha tan IF cudi cing:

@0 (®) = @i () — o5 T () (2.11)

Tuong tu day 13 nhiu pha cta tan sé phach muc tiéu thir k sau ha tan.

Phuong trinh (2.8) ciing (2.9) - (2.11) xac 1ap két luan mang tinh dinh tinh: nhidu
pha cua leakage do cong suit chiém uu thé lan téa trong mién tan sb, che 1ap thanh
phan tan s6 phach yéu tir muc tiéu. Dé chuyén két luan nay thanh tiéu chi thiét ké
dinh luong, can xac dinh mtrc cong suét nhiéu pha 10 vao tuyén thu va murc tin hi€u
t6i thiéu tai ADC, dugc trinh bay tai Muc 2.1.2.

2.1.2 Phdn tich dinh lweng tham sé hé théng va lién quan dén nhiéu pha

Muc 2.1.1b d chi ra vé mit dinh tinh rang nhiu pha cia tin hiéu ro (leakage)
1a thanh phan chi phdi san nhidu. Dé chuyén sang tiéu chi thiét ké dinh luong, can
xéac dinh hai dai luong then chét: (1) Mirc céng suit nhidu pha ro vao tuyén thu, va

(2) Muc tin hiéu tdi thiéu tai ddu vao ADC dé hé thong phat hién duge muyc tidu. Su
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so sanh gitta hai dai lvong nay s& ddn dén yéu cau vé hé sb cach ly dng-ten.
Ca hai dai luong déu phu thudc vao chudi xtr Iy tin hiéu sb tit ADC, qua FFT cy
ly, dén bd phat hién CFAR, dugc trinh bay trong so do xir 1y tong thé tai Hinh 2-2.

DDRAM 64bit
A
MAC1

Hiéu F— Boxuly

chinh thone dii FFT theo Bodong

1Q g cly goi dir Lol

A A it

MAC2 |«
Boxely
nhiéu >
A
J A
_ Déng bo ¥ v
e I s CPU
_ Dieu khiég DDS Khéi didn
2 — khién hé thong A
Dir liéu gdc
, cu g > FPGA
4—* — DDRAM | | Bonhé
e 64bit flash
BO MACH DSP

Hinh 2-2. Thiét ké xir Iy tin hiéu s6 cho ra-da FMCW

Hinh 2-2 md ta kién trc xtr Iy tin hiéu s6 cta dai ra-da FMCW. Tin hiéu tan s
phach y(t) tir dau ra khéi thu twong tu duoc sé hoéa qua hai kénh ADC 16-bit hoat
dong song song (ADC1 va ADC2), sau dé di qua khéi hiéu chinh 1Q dé bu sai léch
bién d6 va pha giira hai kénh 1/Q. Tiép theo, khdi bd loc thong dai thuc hién loc bing
dé giir lai dai tan tan sb phach hitu ich (twong tmg ving cu ly quan tdm) va loai bo
cac thanh phan ngoai bang. Tin hiéu sau loc duoc dua vao khdi xir Iy FFT theo cy ly
(Range FFT processor). Pay 1a khoi then chét quyét dinh mic nhiéu nén sau x 1y,
vi phép FFT vira nén ning luong tin hiéu muc tiéu vao mot bin tan sb, vira trai déu
nang lugng nhidu trén toan bo N diém FFT.

Pau ra Range FFT duoc chia thanh hai nhanh: nhanh chinh di qua bd loc MTI
dé triét nhidu tinh, roi qua b xtr Iy MTD (Moving Target Detection) theo chiéu ddp-
le dé tich lily tin hiéu qua nhiéu xung; nhanh phuy di qua bd xir 1y video. C4 hai nhanh

hoi tu tai bo xtr 1y phat hién (Detection processor), noi thuat toan CFAR dugc ap dung
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dé x4c dinh ngudng phat hién thich nghi. Cubi cung, cac phat hién dugc dong goi dit
liéu va truyén toi cac kénh MAC1/MAC2 qua khdi giao tiép. Toan bo chudi xir 1y s6
duogc diéu khién boi CPU trung tam, dong b véi khéi DDS tao dang séng phét thong
qua bus dit liéu gbc, va trién khai trén nén tang FPGA két hop bo mach DSP tich hop
bo nhd DDRAM 64-bit va Flash.

Céc tham s nhu s6 diém FFT trong Range FFT processor (Nyqngeprr), SO Mau
tich Iily trong MTD processor (Ny,.s.) va ngudng phat hién trong Detection
processor s& duoc sir dung 1am co s cho cac cong thirc tinh toan tiép theo, nham xéc
dinh mtc tin hiéu téi thiéu tai ddu vao ADC ma hé thdng can dat dugc dé phat hién
muc tiéu theo yéu cau.

Xuat phat tir so dd trén, qué trinh tinh toan di theo chudi nguoc: tir yéu cau phat
hién tai dau ra CFAR, suy nguoc vé mirc tin hiéu t6i thiéu tai dau vao ADC, rdi so
sanh v&i mic nhidu pha ro qua ang-ten dé rut ra yéu cau hé sd cach ly. Dé tinh toan
ra hé sb cach ly nay ta thuc hién nhu sau:

(1) X4c dinh cong suit tin higu téi thiéu tai ddu vao ADC (Poinmputanc)

Buwéc 1 - Mdt dé nhiéu nhigt N,

N, = 10 - log(kT,) + 30 [dBm/Hz] (2.12)

Trong d6, k = 1,38 x 10723 /K (hang sé Boltzmann); T, = 290 K (nhiét do
tham chiéu).

Buwoc 2 - SNR ciia ADC trén bang thong Nyquist:

SNRyyq = 6,02 - Ny + 1,76 [dB] (2.13)

Trong d6, Ny, 14 s6 bit do phan giai cia ADC; 6,02 1a hé s6 xuat phat tir 1y
thuyét luong tir hoa (= 20log(2) =~ 6,02 dB); 1,76 1a hing sé bu do gia thiét nhidu
lwong tir hoa phan bd déu.

Buwéc 3 - Higu chinh SNR cho bing thong xir Iy thuc té:

SNRpc = SNRyy, + 10 - log (zf_;a) [dB] (2.14)

Khi chi xét trong bang B < f,/2, ty I¢ ning luong nhidu giam di hé s6
(f;/2)/B, tic SNR tang thém 10 - log(f;/(2B)) dB.
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Buwéc 4 - Mt dé nhiéu nén toan ddi tai ADC (NSD):
NSDupc ruuscate = (Prs —1) = SNRypc  [dBm/Hz] (2.15)
Trong d6, Prg (dBmM) 14 cong suét toan dai (full-scale) ciia ADC; trir di 1 dB 1a hé
s6 dy phong dam bao ADC hoat dong dudi ngudng bio hoa dé tranh méo phi tuyén.
Buwéc 5 - Hé sé khuéceh dai tuyén thu:
Hé s6 khuéch dai can thiét cua toan bo tuyén thu (tir dng-ten thu dén dau vao
ADC) sao cho mic nhidu nhiét sau khuéch dai vira da “nhin thay” trén nén nhiéu ADC.
Grx = NSDapc fuuscate = No — NF + SNR + G [dB] (2.16)
Trong d6, NF 1a hé sb tap am tuyén thu; SNR,,,;, = 3 dB (mtc tin/tap tdi thiéu
dé c6 thé nhan biét tin hiéu trén nén nhiéu bang mat thuong khi sir dung may phan
tich phd [70]); G, 12 dai diéu chinh khuéch dai AGC duoc Iy trong khoang [-10dB,
10dB] dua trén kinh nghiém thiét ké thuc té cia NCS qua céc dai ra-da di nghién ciru
dé diéu chinh d6 khuéch dai tuyén thu dap ung kha nang phat hién cua dai ra-da voi
cac vi tri dat dai va moéi truong khac nhau.
Buwéc 6 - Mdt dé nhiéu nhigt tai dau vao ADC:
NSDinputapc = No + Grx + NF [dBm/Hz] (2.17)
Buwéc 7 - Mgt dé nhiéu sau Range FFT:

fs

rangeFFT

NSDafterRangeFFT = NSDinputADC +10- 10g< > [dBm/Hz] (2.18)

FFT dong vai tro bd loc bang hep; nang lugng muc tiéu nén vao mot bin
fe/ Nrangerrr, Nhiéu trai déu, day 1a do loi xir ly cua FFT.

Buwic 8 - Cong sudt tin hi¢u téi thiéu tai ddu vao ADC:

Prinmputanc = NSDgfrerrangerrr + SNRcpag — 10 - log(Npulse)

(2.19)
+ Lyroc [dBm]
Trong d6, SNR 4z 12 yéu cau SNR tai dau vao bd phat hién (duoc tinh tir P,
Prg); 10 - log(Npulse) la do loi tich liiy xung tuong can; Ly, 1a tong hao ton xir 1y
s6 (windowing, straddling, lwong tir hoa).

Chudi cong thuc (2.12) dén (2.19) da xac 1ap dugc dai luong thi nhat: mic cong
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suat tin higu toi thieu tai du vao ADC (Prinmputanc)-

(2) Xac dinh mitc cong suit nhiéu pha ro vao tuyén thu (Pphase noise)

Dai lugng thir hai 13 mtrc cong suat nhidu pha ro vao tuyén thu. Tin hiéu phat
tai dau ra bo khuéch dai cong suit cao (HPA) khong chi chira séng mang chinh ma
con mang theo céc thanh phan tan sé phu do nhidu pha tir bo tong hop tan sé
PLL/DDS. Cong suat clia cac thanh phan tan s6 phu nay, k¥ hiéu Pypase noise» 1a ngudn
gdc gay nang nén nhiéu.

(3) Xac dinh hé sé cach ly giira dng ten Thu/Phat (Iso,,,)

Khi tin hiéu phat (bao gom ca thanh phan nhiéu pha) ro tir ang-ten phat sang
ang-ten thu, mirc cong sudt ro bi suy giam boi hé s6 cach ly Isoa,,, (dB) giita hai dng-
ten. Sau do, tin hiéu rd duoc khuéch dai boi toan bo tuyén thu véi hé sb Gry. Vay
muic cong suat nhiéu pha tai dau vao ADC do 1o ang-ten giy ra la:

Pyhase noise apc = Pphasenoise — 1S0ant + Grx  [dBm]

Diéu kién dé nhiéu pha khong che 1ap tin hiéu myc tiéu:

Pphase noise apc < Pminmputapc

Hay:

Pyhase noise = 150ant + Grx < Prinmputanc

Chuyén vé hé s cach ly Iso,,,, (dB) gitra hai ang-ten ta cé:

[S04nt > Pprasenoise T Grx — Prinimputapc  [dB] (2.20)

Bat dang thirc (2.20) xac 1ap truc tiép yéu cau tbi thiéu vé hé sé cach ly phat-
thu cta ang-ten, tir 46 dit ra rang budc thiét ké cho hé théng ang-ten nham dam bao
nhiéu pha ro khong che lap tin hiéu muc tiéu yéu.

2.1.3 Co sé todn hoc tinh todn hé so cdch ly, xdc ldp yéu cau ky thudt va dé

Xudt gidgi phdp phan cing

Hé théng ra-da FMCW nghién ctru trong ludn an 14 loai ra-da co dong, huéng toi
nhiém vu phat hién, nhan dang va giam sat UAV ¢& nho bao vé cac muc tiéu trong yéu
(san bay, co s& ha tang, khu déan cu) trong ban kinh R,,,,, < 12 km. Pay 1a cac loai muc

tiéu c6 mdi de doa co dong cao, bay thap, kho bi phat hién boi ra-da théng thuong. Hé
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thong ra-da dugc thiét ké phai dap tmg cac yéu cau nhiém vu & trén nén dit ra rang budc
khat khe nhat vé cong suat phat va do loi ang-ten, duoc trinh bay & Bang 2-1.

Céc yéu cau tac chién nay 1a diém xuét phat cho toan bd chudi tinh toan thiét
ké. Xéc suat phat hién P, > 0,7 va xéc suét bao dong 1am Prq < 107* theo m6 hinh
Swerling 1 quy dinh SNR;par = 14 dB; d0 phan giai cu ly AR = 1,5 m; quy dinh
bang thong BW = 100 MHz; cy ly t6i da R,,,, va yéu cau dop-le quy dinh thoi gian
quét T, = 2048 ps va sb xung tich lity Npyise = 14 xung. Tir do, céc chi tiéu ky thuat
ang-ten dugc xac 1ap, cau hinh tin hiéu FMCW duoc thiét ké va cu hinh bo thu ADC
LTC2386-16 (16 bit, 8 Msps) duoc lya chon tuong thich.

Nhu d3 chi ra tai Myc 2.1.1, nhidu pha cia tin hiéu ro 1a thanh phan chi phdi san
nhiéu, va hé sb cach ly ang-ten 1a dai lugng Kiém soat mirc ro d6 trudce khi vao tuyén
thu. Pé chuyén nhan dinh dinh tinh nay thanh chi tiéu thiét ké dinh luong, luan an
xac 1ap bat dang thic:

IS04nt > Pppasenoise T+ Grx — Prinimputapc  [dB]

Trong d6, ba dai luong vé phai dugc xac dinh doc 1ap tir ba ngudn khac nhau
trong hé thdng, cu thé nhu sau:

Cong suét nhiéu pha tai diu ra HPA (P,pse noise): tin hiéu phat tir b tong
hop tan s6 PLL/DDS ludn mang theo cac thanh phan nhiéu pha tai cac tan so 1an can
song mang. Trong cdu hinh dé xuit, tin hiéu IF 951 MHz (DDS) duoc tron véi
LO 8040 MHz (PLL) tao song mang 8991 MHz, dong thoi phat sinh cac tan s6 nhiéu
tai 8993 MHz. Két qua do thuc nghiém pho tin hiéu tai dau ra HPA véi cong suit
phat P, = 5 W xac dinh thanh phan nhiu pha manh nhat tai tin s6 8993 MHz dat:

Pphase noise = —58,95 dBm.

Hé s6 khuéch dai toan tuyén thu (Ggy): dugc xac dinh tir diéu kién dé nhiéu
nhiét sau khuéch dai vira di nhin thay trén san nhiéu ADC, thong qua chudi tinh toan
tir mat do nhiéu nhiét N, = —174 dBm/Hz, nén nhiéu noi tai ADC (NSDypc rs), hé
s6 tap am NF = 3,0 dB va dai diéu chinh khuéch dai G, theo cong thic (2.16). V4i
ADC LTC2386-16 c6 SNRy,, = 6,02 X 16 + 1,76 = 98,08 dB va tdc d¢ lay mau
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f. = 8 Msps két qua tinh toan cho: Gzyx = 50 dB.

Mitc tin hiéu téi thiéu tai diu vao ADC (Pminmputapc)- duge suy nguoc tir yéu
cau phat hién CFAR qua toan bd chudi xt Iy sb. Cu thé, tir SNR oz = 14 dB tai dau
vao bo phat hién, trir di loi suat tich lily xung 10.1og;o(Npuise) = 10log,4(14) =
11,5 dB, cong san nhiéu sau Range FFT (NSDggpr) va tong hao ton Xir 1y L., theo
cong thuc (2.19). Chudi tinh toan nguge qua cac bude (2.12) - (2.19) cho két qua:

P, minInputADC — —91,2 dBm
Thay s vao bat dang thirc (2.20), yéu cau hé sb cach ly téi thiéu duogc xac dinh:

ISOAnt > Pphasenoise + GRX - PminInputADC = —58,95+ 50 — (_91r2)

| Is04nc > 82,25 dB |

Yéu cau hé sd cach ly t6i thiéu cung cac chi tiéu k¥ thuat ang-ten vé dai tan,
dinh huéng, bang thong va phan cuc duoc tong hop tai Bdng 2-1, 1am co s dinh
lugng cho phan tich cac giai phap phan ctng trinh bay tai Muc 2.1.4.

Bang 2-1. Tong hop yéu ciu k¥ thuét déi véi cau tric dng-ten ra-da FMCW

Stt Tham s6 / Pai lrong Pon vi Yéu ciu
1 | Dai tan lam viéc GHz 8,9+95
2 | Hé s6 tang ich dBi > 30,3
3 | Do rong bup soéng phuong vi Do <12
4 | B rong bup séng goc ta Do >20
5 | Muc canh song phu dB > 30
6 | Dai tan hoat dong MHz > 600
7 | Muc tri¢t phan cuc chéo MHz >20
8 | Hé s6 cach ly phat—thu dB > 82,25
9 | Chiéu dai ang ten mm <2000
10 | Khoang céch gilra dng-ten thu/phat mm <200

2.1.4 Phdn tich, mé phong, ché tao va danh gid cdc tham sé chinh cia gidi
phdp phan cieng dé xudt
a. Gidi phdp thiét ké cdu triic dng-ten tang hé o cdach ly

Pé dap ung yéu cau tai Bang 2-1, luan an dé xuat Xuat mot cau trac dng-ten tich
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hop bdn giai phap (Hinh 2-3): (1) Mang éng dan song xé khe c6 kiém soat muc canh
song phu; (2) Mat mo loa nang cao cach ly duong ro bién; (3) Khe trén thanh hep mé
rong bang thong trén toan dai lam viéc; va (4) Ludi loc phan cuc triét ro kénh phan cuc

chéo. Mdi giai phap tac dong 1én mot co ché ro doc 1ap gitra dng-ten phat va ang-ten thu.

R B R —— R
=

Hinh 2-3. Hinh 4nh idng-ten mang khe véi cac tham s6 toi uu

Hé s6 cach ly phat-thu Iso,,,, trén duong ro truc tiép giira hai dng-ten gdom hai

thanh phan doc 1ap vé vat 1y theo cong thirc (2.21):
1S0pnt = IS05pqce + 1SOporn [dB] (2.21)

Trong do, IS0spq¢e 18 cach ly do lan truyén khong gian, gin véi dac tinh buc xa
Clia ang-ten; IS0,y 13 cach ly do chin vat 1y ctia mit mé loa, gin voi cdu tric hinh
hoc b tri gitra hai dng-ten.

(1) Mang 6ng din song xé khe co kiém soat mirc canh song phu

Mang khe 6ng dan séng duge lya chon thay cho mang vi dai. Ly do 1a mang
tiép dién kin cho phép ap dit chinh xac phan b bién do Taylor trén mang dai, nhd
d6 giit duge muc canh séng phu thap, twong tu cac thiét ké mang khe dng dan séng
bup phu thip di cong bd [71], [72], [73]. Qua khao sat cau hinh mang, luan an chon
mang gom 104 khe, khoang cach khe 0,47-1,, chiéu dai 1969,8 mm. C4u hinh nay
dat ddng thoi do rong bip séng phuwong vi 1,2° va SLL = 30,6 dB. Véi khoang cach
phat-thu dg,,, = 200 mm, thanh phan IS0gpqce dat 72,6 dB. Khi ting d,, vuot qua
200 mm, Is0gpqce gan nhu khong ting thém. Piéu nay cho thay duong ro chi phdi da
chuyén sang dang ro bién men theo mat phfmg khau do, va can mot co ché chin bd

sung dé bu khoang thiéu hut 9,65 dB so véi yéu cau 82,25 dB.
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(2) Mit mé loa nang cao cach ly duwong ro bién

Mait m¢ loa dat gitra hai ang-ten dong vai tro tAm chin, budc song ro bién phai
nhidu xa qua mép loa trude khi t6i ang-ten thu. Chiéu cao loa hf1are phai can bang
giita hai yéu cau dbi nghich: ting hfiare 1am tang cach ly nhung thu hep bap song
goc . V6i hpygre= 75 MM, IS0y, dat 17,4 dB, nang 5oy, 1én 90 dB tai tan so
trung tim 8991 MHz, vuot yéu cau 7,75 dB. Pong thoi, cau hinh niy vén giit d6 rong
bup song goc ta 20,7° va hé so tang ich 31,3 dBi (Hinh 2-4).

S-Parameters [Magnitude]
70

20 - T Tt

CNV \/

-130

a9 9 91 92 9.3 9.4 a5
Frequency | GHz

Hinh 2-4. Hé s6 cach ly trong treong hop c6/khong mit mé loa

(3) Khe trén thanh hep mé rong biang thong trén toan dai lam viéc
bé duy tri hé sb cach ly trén toan dai 8,9+9,5 GHz, luan an st dung khe trén
thanh hep thay cho khe trén thanh rong truyén thong. Khe trén thanh hep c6 hai bac
tu do diéu chinh cong huong (dd sau & va goc nghiéng 0), nén c6 hé sd pham chat
thap hon va bang thong rong hon. Két qua mo phong cho bang thong Sy, < —20 dB
dat 600 MHz, gap khoang 2,4 lan phuong an khe trén thanh rong (= 250 MHz). Nho

46, S04 = 90 dB duoc duy tri dong déu trén toan dai lam viéc (Hinh 2-5).

Hinh 2-5. Ong séng ché khe trén thanh hep
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Han ché cta cdu trac nay 1a phat sinh thanh phan phan cuc chéo, duoc xir Iy
bang giai phap 4 (van dé phan cuc chéo ctia mang khe trén thanh hep ciing da duoc
ghi nhdn va xir Iy bang ciu trac triét phan cuc chéo trong [74]).

(4) Lwdi lgc phan cuc triét ro kénh phan cuc chéo

Lu6i gdm cac thanh kim loai song song dit trude khau d6 dng-ten. Ludi phan
xa thanh phan phan cuc chéo va cho phin cuc chinh truyén qua gan nhu khong suy
hao. V&i cu hinh buéde ludi p=10 mm va bé rong thanh w = 4 mm, muc triét phan
cuc chéo dat 19,8 dB, cao nhat trong ving khao sat (Hink 2-6). Ludi loc bao dam gia
tri Isog,: = 90 dB phan anh ding mirc cach ly trén kénh phan cyc chinh.

AN ;; WT?'?WW

Hinh 2-6. Gian d6 hwéng dng-ten trwdc va sau khi c6 tim loc phan cuc

Nhu vay, két qua mo phong cho thay giai phap dé xuat dép tng tit ca cac chi
tiéu k¥ thuat da xac 1ap tai Muc 2.1.3, bang tong hop két qua mé phong dbi chiéu voi
yéu cau thiét ké duogc thé hién & Bang 2-2.

Bang 2-2. Két qua mé phéng doi chiéu véi yéu cau thiét ké

Stt Tham s6 / Pai lrong Pon vi Yéu ciu Két qua mé phong

1 | Dai tan lam viéc GHz 89+95 89+95
31,3 dBi (khong vo);

2 | Hé 6 tang ich Bi >

¢ sO tang ic dBi >30,3 30.3 dBi (¢6 vo)
3 | Bo rong blp song phuong vi Do <12 <12
4 | Do rdng bup song goc ta Do >20 >20

5 | Mtic canh séng phu dB >30 > 30
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Stt Tham s6 / Pai hrong Pon vi Yéu ciu Két qua mé phong
6 | Dai tan hoat dong MHz > 600 > 600
7 | Mic triét phan cyuc chéo dB >20 >19,8
8 | Hé sb cach ly phat—thu dB > 82,25 >90dB
9 | Chiéu dai ang ten mm <2000 1969,8
10 Eﬁ?s}?éi cach gifra dng-ten nm <200 200

b. Po kiém va danh gid hé sé cach ly TX/RX

Nham kiém chting tinh kha thi cua thiét ké trong diéu kién thuc té, sau khi hoan
thién ché tao, hé théng ang-ten cua ra-da FMCW duoc tién hanh do kiém ngoai khong
gian thoang (ing-ten ngang 1én troi) dé danh gia dic tinh cach ly giita tuyén phat va
tuyén thu. C4u hinh do duogc thiét 1ap nhu sau:

ANG-TEN ANG-TEN

PHAT THU
NN

N4

Oeep=200MM T Pry

Circulator

[e]
o] w SPA
|_—|m Cooooo 000 o. o0 I_'S-l

—J j— — —

A vse

Hinh 2-7. So' @6 do hé s6 cach ly trong dai ra-da FMCW
Trong so d6 do, may phat tin hiéu véc-to (VSG) tao tin hiéu quét trong dai

8.900+9.500 MHz véi cong suat Pry =0 dBm tai dau vao dng-ten phat, qua bd chuyén



42

mach vong (Circulator) bao vé ngudn phat; ang-ten thu dat cach dng-ten phat Agep =
200 mm nhén tin hiéu ro truc tiép; may phan tich phd (SPA) do cong suit Py tai timg
diém tan s trong dai khao sat.
Trén co sé céc dai luong do duoc, hé sO cach ly TX/RX dugc xac dinh theo cong thirc:
1504 = Prx — Prx  [dB] (2.22)
®

Trcl

$31 dB Mag 5 dB/ Ref -95 dB Cal 1

*M1 8.900000 GHz -104.9913 dB
M2 9.200000 GHz -87.7682 dB
M3 9.500000 GHz -88.1939 dB
M4 9500000 GHz -88.1939 dB

5 dB-

Ch1 Start 8.8 GHz Pwr 25 dBm Bw 10 kHz Stop 9.6 GHz

Hinh 2-8. Két qua do hé s6 cach ly giira ding-ten Phat va Thu

Két qua do kiém dugc tong hop nhu sau: Hé sé cach ly giita dng-ten phat va
ang-ten thu dat 85 dB, cao hon gia tri yéu cau theo thiét ké (= 82,25 dB), dong thoi
duy tri 6n dinh trén 85 dB trong toan dai tan 8900+9500 MHz. Két qua nay khang
dinh hiéu qua cta cac giai phap cach ly va loc nhidu di dugc ap dung trong hé thong.

Dé danh gia hiéu qua cua hé théng trong diéu kién van hanh thuc, khi do tin hiéu
thye té trén dai, tai tan sb phat £, = 8991 MHz v6i mic cong suat 36,64 dBm tai dau ra
HPA, ghi nhan xuit hién cac tin s6 nhiéu pha lan cén tai tin s6 8993 MHz va 89924
MHz véi mirc cong suat tuong tmg 1a -60 dBm va -59 dBm. Tai phia thu, két qua do cho
thdy murc cong suat ro tir HPA sang kénh thu 1an luot 1a -145 dBm va -154 dBm (b6 sung
bo khuéch dai bang X phia thu khi do kiém). Nhu vy, mirc suy hao siu ndy gop phan
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1am giam dang ké nhifu, qua d6 han ché anh huéng dén tin hiéu phan xa thu dugc.

¢. Thao ludn va so sanh véi cdc gidi phdp di cong bé

Dé danh gia hiéu qua cua giai phap dé xuat, luan an thuc hién so sanh voi cac
cong trinh tiéu biéu theo hai tiéu chi chinh: hé s cach ly gitta kénh phat-thu va bang
thong lam viéc. Cac két qua dat dugc dugc dbi chiéu truc tiép véi s6 lieu cong bd trong
cac cong trinh lién quan nhim lam rd mic d6 cai thién ciia phuong phap dé xuét.

Vé hé s6 cdach ly: Giai phap dé xuat dat 85 dB trén toan dai 8900+9500 MHz. Pay
1a gia tri do thuc té, cao hon khoang 5 dB so v&i dng-ten vi dai (< 80 dB [75], [20]) va
vuot 2,75 dB so v6i yéu cau thiét ké (82,25 dB). So véi cac giai phap xir 1y s6, cac
phuong phap nhu k¥ thuat chuyén doi ha tan (SPC) ctia Junhyeong Park [22] va phuong
phap khai thac d6i xtmg phd ctia Ken B. Cooper [24] (cai thién khoang 18 dB dai dong)
déu thuc hién sau khi tin hiéu ro dd duoc khuéch dai trong myén thu, do do6 khong xu
1y duoc nguyén nhan vat 1y ctia nhidu. O mot hudng tiép can khac, phuong phap mién
RF ctia Chen va Niknejad [18] c¢6 thé dat murc triét ro trén 20 dB, nhung yéu cau cu
trac phan ctg phrc tap voi chudi 1Q-Mixer va dong bo pha chinh xac. So véi cac cach
tiép can nay, giai phap dng-ten ctia luan an thuc hién triét tin hiéu ro ngay trudc khi
dua vao LNA, qua d6 bao toan dai dong cho toan bo chudi xir 1y, dong thoi giam yéu
cau vé do phuc tap phan ctng. Nhu vy, xét theo tiéu chi hé sé cach ly, giai phap dé
xudt dat murc cach ly cao hon so véi cac phwong an duogce so sanh.

Vé bang théng: Cau tric khe thanh hep dat bang thong 600 MHz trong dai
89009500 MHz (twong dwong khoang 6,7% so véi tan sé trung tim 9,2 GHz). So voi
cau triic khe thanh rong truyén thong ctia Chou va cong su [76], v6i bang thong dién
hinh 1-3%, giai phap dé xut cho thiy mirc cai thién rd rét. Miac du biang théng nho hon
so v6i dng-ten vi dai (> 10%), gia tri dat dwoc van vuot yéu cau thiét ké (600 MHz) va
duoc xem 13 phi hop trong bdi canh can dam bao hé sé cach ly cao. Do d6, giai phap dé
xuét dat dugc su cAn bang hop 1y giira bang thong va cac yéu cau ki thuat khac.

Lién hé véi cong trinh di céng bé: Noi dung nghién ciru tai Muc 2.1 da duge cong
b trong cong trinh "A Design of a High-Resolution Frequency Modulated Continuous

Wave Radar for Drone Detection Based on Spurious Phase Noise and Discrete Clutter
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Reduction” trén tap chi IET Radar, Sonar and Navigation (2024). Trong cong trinh nay,
giai phap giam nhiéu pha duoc trinh bay nhu thanh phan dau tién trong khung xtr 1y tong
thé ctia hé thong, dong vai tro tién dé phan cimg cho chudi xir Iy nhidu rdi rac tai Muc 2.2.

2.2 Nhiéu rai rac, co sé dir liéu thuc nghiém va giai phap dé xuat

Két qua dat duoc tai Muc 2.1 da khang dinh tinh kha thi cta giai phap giam
nhiéu pha théng qua thiét ké ang-ten c6 hé s cach ly cao (85 dB), dam bao dai dong
va chat luong tin hiéu tan s6 phach cho toan bo chudi xir Iy phia sau. Day 1a diéu kién
can dé hé thong ra-da FMCW phan giai cao hoat dong on dinh, nhung chua phai diéu
kién du dé giai quyét bai toan ¢t 16i ctia luan an 13 phat hién va phén loai drone tim
thap trong moi truong giam sat thyuc té. Trong khudn kho bai todn nay, tin hiéu phan
Xa tir drone duoc xac dinh 13 tin hiéu c¢6 ich duy nhat can phat hién, trong khi toan b
cac thanh phan phan xa con lai tir cong trinh xay dung, phuong tién giao thong, dia
hinh, tham thuc vat va cac vat thé nhan tao phan bb rai rac trong khong gian quan sat
déu duogc quy vé mot 1op duy nhat 1a nhiéu roi rac.

Muc nay trinh bay ndi dung nghién ctru phuong an xir Iy nhiéu roi rac theo ba
phan: (1) Yéu cau bai toan, phuong an thu thap, phan tich di lidu va xac lap hudng
tiép can (Muc 2.2.1); (2) Chudi xir 1y tong thé dé xuit nham giam nhiéu roi rac va
nang cao kha ning phat hién muc tiéu (Muc 2.2.2) va (3) Két qua thuc nghiém va
thao luan (Muc 2.2.3).

2.2.1 Nhiéu roi rac trong méi trwong gidm sdt tam thap

a. Yéu cau bai todn va xdc dinh cdc tham sé chinh cua hé thong

Nhu d trinh bay tai Muc 1.1, nhidu tiéu cyc trong hé thong ra-da bao gom phan
xa tir mat dat, mat bién, khi tuong va cac nguén phan xa riéng 1é. DPdi v6i ra-da giam
sat tim thap chuyén dung phat hién may bay khong nguoi 14i, thanh phan nhiéu roi
rac 12 mot trong nhitng thach thirc n6i bat nhat, do day 1a loai nhidu xuat hién khong
lién tuc trong khong gian nhung lai c6 kha ning tao ra cac tin hiéu phan xa gan giong
muc tiéu thuc. Cac ngudn nhidu roi rac dién hinh bao gdm chim, con tring, phuong
tién mat dat (6 t6, xe may), tua-bin gid va cac cong trinh nhan tao. Nhin chung, cac

d6i tugng nay déu co kich thudc nho, tiét dién phan xa ra-da thap va trong nhiéu
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truong hop c6 chuyén dong twong ddi, 1am cho tin hiéu phan xa cia chiing d& bj nham

13n véi tin hiéu tir UAV ¢ nho.

Hinh 2-9. Minh hoa vé bao ddng Iam tir nhiéu roi rac trén dai ra-da FMCW
(chim trong vong tron mau dé, 6 t6 trong vong tron mau xanh)

Bai toan tré nén phirc tap hon khi nhiéu roi rac khong ton tai doc 14p ma chong
14n v6i nhiéu pha cta hé thong thu-phat lién tuc da duoc phan tich, xir 1y tai Muc 2.1,
cing voi cac thanh phan nhidu méi truong khac. Su két hop nay lam gia ting murc
nén nhidu tong thé, dong thoi 1am suy giam kha ning phat hién va phan loai muc tiéu.
Pic biét, dic tinh dap-le cua UAV ¢& nho thuong nam trong dai van toc 1+11 m/s,
kha twong dong véi cac ngudn nhidu roi rac di dong nhu 6 t6 (2+12 m/s) hodc chim
(2+8 m/s). Vi vay, cac bg loc MTI va MTD truyén théng kho tach biét muc ti€u véi
nhiéu, din dén gia ting xac suit bao dong 1am Prq va lam giam d9 tin cdy cua qua

trinh phan loai muc ti€u (Hinh 2-9).
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Trén co so d6, bai toan dit ra tai Muc 2.2 khong chi ding & viéc ké thira cac tham s6
thiét ké hé thong da xac lap tai Muc 2.1.2 va tong hop trong Bang 2-1, ma con phai 1am rd
cac yéu cau hiéu nang ddi véi toan bd chudi xir Iy trong diéu kién ton tai nhiéu roi rac.

b. Nén tang Iy thuyét vé hiéu ieng vi dop-le ciia Drone

Muc nay trinh bay kién thtrc nén lién quan dén hiéu tng vi dép-le, mét trong
nhirng dic diém tiéu biéu thuong dugc khai thac trong nhin dang va phan loai drone.
Hiéu (g nay 1an dau tién dugc nghién ctru boi Chen va cong su [77], [78], [79], 1am
nén tang cho viéc xay dung moé hinh muyc tiéu trong phan sau.

Gia sir rang mot ra-da ¢ vi tri Q trong mot hé toa d6 ¢b dinh (X,Y,Z) va mot
muc tiéu di chuyén c6 hai toa d6 cuc bo (X',Y’,Z") va (x,v, z) ¢ cung gbc O (Hinh
2-10). Muc tiéu c6 van toc tinh tién v so véi ra-da va van toc goc @ = (w,, wy, w,)"
quanh cdac truc (x,y, z).

Tai thoi diém t = 0, tAm ctia muc tiéu & vi tri O voi QO = R, va mot diém phan
tan P nam tai 1, = (x,, Vo, Zo)" trong hé toa do (x,y, z). Khi d6, toa do caa muc tiéu
trong hé (X',Y’, Z") dugc mé ta bai:

OP = Rot(0) - ny (2.23)

Trong d6, Rot(0) 1a ma tran quay ban dau. Tai thoi diém t, cac diém O va P

lan luot di chuyén dén O, va P’

R L Hé toa d6 gin v6i vat Hé toa do tham chiéu:

0] thé: (x,y,2) x,Y,Z’)
Hétoadd cddinh X - ey
trong khong gian
X,Y,Z)

Hinh 2-10. Minh hoa muc tiéu véi phép tinh tién va phép quay
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Trong hé toa d6 (X', Y’, Z"), cac dai lugng lién quan dugc mo ta nhu sau:

00, = vt, r = 0,P" = Rot(t) - O,P" = Rot(t) - Rot(0) - 1, (2.24)
Trong d6, Rot(t) la ma trin quay biéu dién chuyén dong quay tir P" dén P".
Véc-to chuyén dong tir O dén P’ duoc dinh nghia boi cong thire:

QP' = Q0 + 00, + O.P' = Ry, + vt + Rot(t) - Rot(0) - 1, (2.25)
R(t) = ||Ry + v + Rot(t) - Rot(0) - 1y (2.26)
Gia st tin hi¢u phat c6 dang:
Sraa(t) = exp(j 2m f (1)) (2.27)
Khi do, tin hi€u thu duoc do phan xa tur P la:
raa(® = p(y,2) e |j2n f (¢ — 7)) (2:28)

Trong do, f 13 tin s6 séng mang, ¢ 1a tbc d6 anh sang va p(x, y, z) dic trung cho
dién tich phan xa hiéu dung ra-da tai diém P va suy hao tin hiéu trong khong gian.

Do do, tin hi¢u bang co s& dugce tra vé tu P la:

2R
n(t) = p(x,y,2) - exp (j 2 f - #) = p(x,y,z) -exp(j @[R(t)]) (2.29)
Trong do:
o(r) = 2n f- 20 (2.30)

Su thay ddi tan s6 ddp-le gy ra boi chuyén dong ctia muc tiéu duoc tinh toan bang:

fo =

Trong do, n,, 1a véc-to don vi, duge dinh nghia:

1 do(t) _ 2fdR(t) __
2 dt o c dt o

? [v + %(Rot(t) - Rot(0) -ro)]T n, (2.31)

__ Ro + vt + Rot(t)-Rot(0)1g
p IRo + vt + Rot(t)-Rot(0)-1o||

n (2.32)

Ma tran quay Rot(t) nam trong nhom SO(3) va dugc viét dudi dang Rot(t) =

exp(d t), trong d6 ¢ 1a ma tran ddi xang léch lién két véi w:

0 —W; Wy
b= | w, 0 —W,
—Wy Wy 0

Tu day:
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T

fo = ?[v + %(Rot(t) - Rot(0) ~r0)] n, (2.33)
T

fo = %[v + %(Rot(t) - Rot(0) -ro)] n, (2.34)

o =2+ wxr™, (2.35)

Do [|Roll > |lvt + Rot(t) - Rot(0) - 1|, c6 thé xap xi n,, & n = Ry/||Ry||. DO
d6, do dich chuyén ddp-le ciia muc tiéu 1a:

fp = %[v +wxr]"Tn= %[v + w X T]rqdial (2.36)

Ky hiéu [],qqiq Diéu thi thanh phan xuyén tam, phép chiéu véc-to 1én huéng tia
ngam n. Biéu thirc (2.36) cho thay tan s6 dop-le tong hop gom hai thanh phan doc lap:
- Thanh phan %vmdml do phép tinh tién cia tam muc tiéu: day 1a dop-le kinh
dién, bﬁng nhau v6i moi diém trén than muc tiéu.

- Thanh phan % [w X 7],qqia 0 phép quay ciia than muc tiéu: day 1a vi dop-le,
phu thudc vao vi tri cu thé cua timg diém phan tan r va truc quay .
Tach riéng thanh phan vi dop-le:
fuo = Ll X Tragiar (2.37)

Day 1a biéu thuc ¢t 16i cua hiéu ung vi dop-le. Khac voi dbp-le tinh tién chi
phu thudc véan tbe khédi tm, f,,,p phu thude vao: (1) van tée goc w (toc do va truc
quay), (2) vi tri diém phan tan r (chiéu dai canh tay don tir tim quay), va (3) huéng
quan sat . Mdi loai muc tiéu (canh quat drone, canh chim, banh xe 6 to, tua-bin
gi0...) s& tao ra miu f,,p (t) ddc trung - goi 1a dau hiéu vi dép-le, 1a co sé cho phan
loai muc tiéu.

Dé trién khai f,,p, ta tach véc-to van toc goc thanh tich ciia d 1on va véc-to

don vi chi truc quay:

Rot(0)-w

I __ ! ! !/ — J—
0 -0, W'
Va: & = | o, 0 -,

—W, Wy 0
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Khi do, ap dung cong thirc quay cua Rodrigues [80], thu duoc:

Rot(t) = exp(dt) =1+ &' - sin(2t) + (&")? - (1 — cos(2 t))

Tu (&) = —d', suy ra:

2f 2f .
me = c [-Q w' X r]radlal = ?[-Q T W 'r]T Xn
2f

= 7[.(2 -’ - Rot(t) - Rot(0) - 15]T X n

_2 f!)
_2

2

= Zfﬂ [0 - (o -sin(2t) + I-cos(f2 t)) “Rot(0) - Tolradia

— [ (I + & - sin(Qt) + (&")? - (1 — cos(2t))) - Rot(0) -rO]T Xn
fﬂ —[(&" + (&"? - sin(2t) + (6" - (1 — cos(2t))) - Rot(0) - ro] X n

fﬂ — [(&" + ()2 - sin(2t) — &' - (1 = cos(2 1)) - Rot(0) - ro] X n

(2.39)

(2.40)

Qua trinh rat gon cong thirc (2.40) cho thay hai két luan quan trong: (1) Tan sé vi

dop-le c6 dang t6 hop cua sin(2t) va cos(Q2t), tiac 1a dao dong tuan hoan theo thoi
gian vai chu ky T = 2m/0 (Hinh 2-11); (2) Bién d6 dao dong phu thudc dong thoi vao

ba yéu td: tan sé song mang ra-da f (qua hé s6 2f /c), toc d6 quay 2 va chiéu dai canh

tay don (chtra trong ). Pic tinh nay tao ra tin hiéu phd duy nhat cho mdi loai muyc

tiéu, cho phép phan loai drone khac vadi chim, 6 t6 va cac nguon nhicu roi rac khac.

Hiéu tng vi dop-le do quay gay ra

200
150
100

(9]
(=

(Hz)

7
A

Tan so
1

W

S

0 02 04 06 08 1 1.2 14 16 18
Thoi gian (gidy)

Hinh 2-11. Minh hoa v& tan s6 vi dp-le gdy ra béi sw quay ciia canh quat
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Déi v6i ra-da FMCW, céac phuong phép trich xuit dic trung vi dop-le dua trén
phép bién doi Fourier nhanh (FFT) theo chiéu cy ly da dugc dé xuét trong cac nghién
ctru [81], [82]. Tuy nhién, chu ky dao dong cua tin hiéu vi dép-le thudng khong duoc
biéu hién 13 rang trén pho tin hidu. Mot s6 hudng tiép can khac nham phat hién dic
trung vi dop-le cua drone sir dung hé thong ra-da va thay doi thoi gian quan sat muc
tiéu duoc trinh bay trong cac nghién ctru [83], [84], [85].

Tt ca cac phuong phép trén déu phu thudc vao tin hiéu phan xa tir chuyén dong
canh quat cta drone. Trong thuc tién, viéc khai thac dic trung vi dop-le dé phan biét
drone va nhiéu roi rac gip nhiéu han ché, bao gém: tin hiéu vi dop-le thudng bi suy
yéu hodc che khuat do nhiu nén, va yéu cau xir 1y tin hiéu phtic tap (bao gébm phan
tich phd, xtr 1y anh hozc hoc sau) 1am ting dang ké ganh ning tinh toan. Do d6, NCS
dé xuat mot phuong phap méi nham tach biét muc tiéu drone khoi nhiéu roi rac, dong
thoi khic phuc cac han ché von ton tai trong cac phuong phap dua trén dic trung Vi
dop-le néu trén.

Pé lam rd hon kha nang khai thic cac dic trung ndy trong hé thong ra-da, phan
tiép theo trinh bay phuwong an thu thap, théng ké va phan tich co s& dit liéu thuc nghiém.

C. Phwong dn thu thap, thong ké va phan tich co sé dit liéu

Dé xdy dung co sé khoa hoc cho phuong phap phan loai dé xuét, NCS tién hanh
quy trinh thu thap dir liéu thuc nghiém c6 hé théng trén hé théng ra-da FMCW gda
duogc t6i vu nhidu pha, két hop voi thiét bi quang-dién tir (OPT) dé xac nhan nhéin
tirng mau trong khoang thoi gian quy I va quy II ndm 2023, trong diéu kién thoi tiét
t6t nham loai trir 4nh huong cia nhidu khi twong 1én dic trung tin hiéu. Quy trinh
gdm hai giai doan bd sung cho nhau: (1) Phan tich dic trung quy dao nham danh gia
kha niang phan biét dya trén tham sé dong hoc va (2) Phan tich dic trung phéan tan
dop-le nham tim dic trung c6 tinh phan biét cao hon. Su phéi hop gitta hai giai doan
cho phép xac dinh rd gioi han cuia tung loai dac trung, tir d6 dinh hudng chién lugc
phan loai tong thé.

(1) Phén tich dic trung quy dao muc tiéu: Thiét bi OPT duoc st dung dong

thoi voi ra-da dé thu thap dir liu tir cac loai muc tiéu tiéu biéu, bao gom drone (DJI
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Phantom 4 [86], Inspire 2, Mavic 2 Pro), tric thing va cac ngudn nhidu rdi rac (chim,
6 t0, xe may). Tong cong 26.800 mdu quy dao duge thu thap, phan b trén bén 16p:
chim (1.900), 6 t6 (12.670), truc thang (9.780) va drone (2.450). Cac kich ban thu
thap dugc thiét ké da dang theo ba chiéu: cy ly (gin/xa), vi tri muc tiéu trong bup
song (tim/ria) va hudéng di chuyén (hudng tam, tiép tuyén, bay treo), dam bao tinh
dai dién cho diéu kién van hanh thyc té.

Bén dic trung dong hoc duoc trich xudt: (1) vén tdc trung binh vy,.,,, (2) d6
1éch chuan van tdc V4, (3) d0 1éch chuan huéng di chuyén hg4 va (4) hé sé co dong

0 = Vpmean/hstq- Két qua thong ké duoc tong hop trong Bang 2-3.

Bang 2-3. Thong ké diic trung qu¥ dao cia cac loai muc tiéu (26.800 miu)

Mcden | TS| o | | e
Chim 2-8 1-4 0 - 240 0- 150
Tryc thing 15 - 30 8-14 0 - 240 0 - 250
Mat dat (6 t0) 2-12 1-6 0- 240 0-120
Drone 1-11 1-6 0-170 0-110

Két qua cho thay chi truc thing c6 thé phan biét dugc nhd van tée va bién dong
van toc vuot trol (Vpeqn = 15 + 30 M/S, gy = 8 + 14 m/s). Cac dic trung quy dao
con lai khong du kha nang phan biét drone véi 6 t6 va chim do dai van toc chong lap
gan nhu hoan toan: drone (1+11 m/s), 6 t6 (2+12 m/s), chim (2+8 m/s). Nhan dinh
nay trung khép voi [37], theo d6 phan loai dua trén thong tin quy dao chi dat khoang
85% dd chinh xac va kém hi¢u qua trong viéc loai bo nhiéu tir phuong tién mat dat.
Do d6, can bd sung cac dic trung phan dnh cau tric co hoc dic thu ciia drone 1a cac
canh quat quay téc do cao dé nang cao kha niang phan loai.

(2) Phan tich diic trung phén tin dép-le: Trong mdi chu ky quét, tin hiéu phan xa
tir muc tiéu 13 tap hop cac phan xa vi mo (sub-echo) twong g véi cac thanh phan vat
Iy khac nhau. Vi drone, sir quay cua canh quat tao hiéu Gng vi dop-le, 1am phd dap-le

trai rong dang ké so v6i nhiéu roi rac von chi o phan xa tir than chinh (Hinh 2-12).
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Hinh 2-12. Pic trung dép-le ciia bon loai muc tiéu trong 40 chu Ky quét ra-da lién
tiép: (a) 6 to, (b) xe may, (c) drone DJI Inspire 2, (d) drone DJI Phantom 4
Quan sat Hinh 2-12 cho thay: 6 to tap trung & 2=3 band lién ké (band 8+10),
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bién do cao va On dinh; xe may tap trung hon nita & 1+2 band (band 2+3) do kich
thudc nho, RCS thap. Trong khi d6, drone DJI Inspire 2 trai rong tir band 1 dén band
14+15 véi nhiéu thanh phan sub-echo phan tan, con drone DJI Phantom 4 trai trén
band 1+13 (mirc phan tan it hon Inspire 2 do canh quat nhé hon). Tém lai, nhiéu roi
rac c6 phd dop-le hep va on dinh; drone c6 phd trai rong va bién doi manh theo thoi
gian do vi dop-le tir hiéu ing canh quat.

Dé luong hoa su khac biét nay, NCS thong ké trén tap 20.000 mdu phd dép-le
(10.000 drone + 10.000 nhiéu réi rac) trong pham vi cu ly 1,7 km. Hai dic trung duoc
dinh nghia nhu sau:

Af , = mean{Afp1,Afpzs---, Afpu} (2.41)
Oprp, = Std{Afp1, Afpas..., Afpu} (2.42)

Trong do, Afp, 1ado rong phé d@op-le thu duoc tir tin hidu phan hoi tai vong quét
th i; M = 5 vong quét dugc la chon dé can bang giira 6 6n dinh thong ké va yéu
cau dap tng thoi gian thuc. Gid tri trung binh Af,, phan 4nh mirc phan tan trung binh
(drone 16n hon do canh quat), con do 1éch chuan o, o phan 4nh muc bién thién giita

cac vong quét. Hai dic trung ndy thay thé cho anh vi dép-le truyén thdng, c6 uu diém
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tinh toan don gian (do chi can thdng ké co ban), khong yéu cau chiéu xa lién tuc, phu

hop vo1 ra-da canh gidi quét lién tuc.
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Hinh 2-13. Phin bé ciia Afp (trai) va oam (phai) ciia drone va nhiéu roi rac

Két qua Hinh 2-13 cho thay phan bd ctia nhidu roi rac tip trung & ving gia tri thap
Afp = 2,0, fp =~ 1 + 2), phan 4nh phd dop-le hep ctia cac myc tiéu chi c6 chuyén dong
tinh tién. Nguoc lai, phan bd ctia drone dich chuyén 13 rét sang ving gia tri cao hon (Af;, ~
6, 04 fp = 3 +4), voi vung chéng lép nho chi trong khoang Af;, =~ 3 + 5. Hai phan bd
tach biét théng ké rd rang, khang dinh dic trung phan tan dop-le c6 kha nang phan biét cao
gitta drone va nhiéu rdi rac, 1a co so thuc nghiém cho giai phap phéan loai dé xuat.

(3) Phén tich diic diém chuyén dgng trén bin do giao théng: Dic trung phan
tan dop-le tuy hiru ich nhung khong du dé loai bé hoan toan nhiéu roi rac, do mirc
phan tan con phu thudc cu ly. Vi drone ¢& nho hoat dong & cu ly xa, phd déop-le co
thé twong tu nhidu mit dat. Bé khac phuc, NCS khai thac thém dac diém chuyén dong
khong gian thong qua ban do dudng giao thong xay dung tir dir liéu OpenStreetMap.

Véi mot diém A c6 cu ly d (m) va goc phuong vi a (rad), toa do kinh d6 va vi

do cua diém do6 duoc xac dinh:
d X hs X sina

lony, = lon, + lat,gp; X T (2.43)
cos—80
lat, = lat,,,; + d X hs X cosa (2.44)

Trong d6, (lat,ppe, L0M,00r) 13 Vi @0 va kinh do cua vi tri dat ra-da; hé sb



54

chuyén d6i hs (°/m) duoc tinh bang:
360

~ 27 x R x 1000’

Vé6i R 13 ban kinh Trai Dat. Tiép theo, véi mot diém A(lat,, lon,), toa do

hs

R = 6378,137 (km) (2.45)

Descartes (x4, y4) duoc xac dinh:

lat, — lat
X4 = ( 4 . mOt) / scale (2.46)
l — 1 :
Ja = ( onmoths onA> / scale (2.47)

Trong d0, scale (pixel/m) 13 tham sb phan giai ban d6. Do d6 phan giai cu ly
cta ra-da 13 1,5 m (Bdng 2-1), chon scale = 1,5//2 ~ 1 (pixel/m), twong tng ban
d6 duong giao thong c6 d6 phan giai 1,0 m trong hé toa do Descartes.

Quy trinh xay dyng ban d6 gdbm bdn bude: (1) tai dir liéu dudng giao thong
trong vung hinh vuoéng canh 2R,,,, quanh vi tri dat ra-da, v&i R4, 1a cu ly cuc dai;
(2) tinh (lat,, lon,) cta gdc trén-trai vung hinh vudng theo (2.43)-Error! Reference
source not found.; (3) chuyén toa d6 tit ca cac nit ciia mdi tuyén dudng sang
Descartes theo (2.46)-(2.47); (4) ndi cac nut lién ké va ndi suy diém trung gian theo
d6 phan giai 1,0 m. Két qua 1a ban d6 c6 do phan giai xap xi bang phan giai cu ly
nghiéng cua ra-da (Hinh 2-14).

Hinh 2-14. Bin @6 dwong giao thong cé do phin giai xap xi bing phan giai cu ly

nghiéng ctaa ra-da



55

Trén ban d6 di xay dung, NCS thu thap 10.676 mdu khodng cdch (dén tuyén
duong gan nhét) va 9.311 mdu hwéng di chuyén (so voi tuyén dudng gan nhat) tir 380

muc tiéu nhiéu roi rac (6 t0, xe may).
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Hinh 2-15. Phéin bd x4c suit ciia goc léch hwéng di chuyén (trai) va khoang cach dén
tuyén dwong gan nhat (phai) cia nhiéu roi rac

Két qua Hinh 2-15 cho thay da s6 nhiéu roi rac co6: (1) goc 1éch hudng di chuyén
so voi tuyén duong tap trung & ving nho (0°+10°), phan 16n dudi 30° (phu hop rang
budc giao thong); va (2) khoang cach dén tuyén duong gan nhat dat dinh trong khoang
5-20 m, phan 16n dudi 30 m, gan nhu khong c¢6 miu nao vuot 40 m. Do do, hai
ngudng 30 m va 30° dugc lua chon lam tiéu chi phan biét hiéu qua, bdi drone - von
bay tu do khong bi rang budc ha tang giao thong - thuong khong thoa man dong thoi
ca hai diéu kién nay.

Tém lai, phan tich hai giai doan cho thay hai nhém dic trung b sung cho nhau:
dic trung phan tan dop-le (Af,, o, fD) hiéu qua & cu ly ngan (< 1,7 km), noi tin hiéu
canh quat da manh; trong khi dic diém chuyén dong so v6i ban d6 dudng giao thong
(khoang cach va goc léch hudng) hidu qua & cu ly xa (< 12 km), noi dic trung dop-le

bi suy giam. Hai nhom dic trung nay dugc tich hop trong chudi xir y dé xuat (trinh
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bay tai cac muc tiép theo), tao thanh giai phap phan loai thong nhat dap tmg yéu cau
van hanh thuc té cia hé théng ra-da canh gidi.

d. Huéng tiép can cua ludn dn

Tur két qua phan tich thyc nghiém tai Muc 2.2.1c, luan an xac lap huong tiép
can dua trén két hop hai nhém ddic trung bé sung cho nhau, mdi nhéom dam nhin
mot vung cu ly khac nhau.

Thir nhdt, dic trung phan tan dép-le (Af,, o, fD) phan anh su khac biét vat ly
giira drone c6 canh quat quay va cac doi tuong nhiéu khong c6 thanh phan quay. Pic
trung nay hiéu qua & cy ly ngan (< 1,7 km), noi tin hiéu phan xa tir canh quat con di
manh. Uu diém ndi bat so véi vi dop-le truyén thong 13 tinh toan don gian, khong yéu
cau thay doi cAu hinh hé théng va khong can mé hinh hoc sau dé phén loai.

Thir hai, dic diém chuyén dong khong gian (quy dao muc tiéu so voi ban d6
duong giao thong OpenStreetMap) hiéu qua & cu ly xa (< 12 km), noi dic trung dop-
le bi suy giam do tin hiéu phan xa tir canh quat yéu di.

Hai nhom dac trung nay duoc tich hop qua mo hinh hoc may Random Forest
va hé quy tic phan loai phan cap Top Model, tao thanh chudi xtr Iy hoan chinh (trinh
bay tai Muc 2.2.2). Cach tiép can nay khic phuc dong thoi cac han ché di xac dinh
tai Muc 1.1.1b: khong yéu cau chiéu xa lién tuc, khong doi hoi phan cing ra-da phan
cuc phuc tap, xtr Iy duoc nhiéu tir phuong tién mat dt va c6 chi phi tinh toan hop ly
cho xtr ly thoi gian thyec.

2.2.2 Chuéi xi Iy dé xudt nham giam nhiéu réi rac va ning cao khd ning

phat hién muc tiéu

a. Thiét ké téng thé mé-dun DDDCR - Luwru do thudt todn

Trén co s& phan tich tai Muc 2.2.1c, luan 4n dé& xuat mo-dun DDDCR (Drone
Detection and Discrete Clutter Reduction - Phat hién drone va giam nhiéu rdi rac),
duogc tich hop nhu mot khéi xtr Iy hiu (post-processing) trong chudi xir 1y dit liéu ra-
da FMCW, hoat dong sau khéi xir 1y tin hiéu co ban (Hink 2-16). M6-dun khai thac
dong thoi dic trung phd dép-le va dic diém chuyén dong dé phan loai drone khoi

nhi€u trong di€u kién van hanh thuec te.
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B6 nhé M hinh rimg e hm.l}/
e Awnhia duong/giao
ém ngauwnhién, < 0

AV ERTIA ong
A
Dir liéu muyc tiéu N ,
Nhén dy doan
clia muc tiéu
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Hinh 2-16. Thiét ké ciia mé-dun phén loai DDDCR
Luu d6 tong thé gom bon thanh phan hoat dong theo trinh tu:

Khéi CORE - Trich xudt dic trung: x\r 1y tin hiéu ra-da FMCW theo so db tai
Muyc 2.1.1. Tin hiéu tan s phach y(t) sau ADC dugc xu Iy FFT dé trich xuét cy ly
R, phuong vi a, van téc dop-le f,, va bién d6 phan xa cho mdi muyc tiéu. T* M = 5
vong quét lién tiép, khoi tinh hai ddc trung Af;, va g,y theo cong thite (2.41)-(2.42)
cung quy dao muc tiéu (toa do theo thoi gian), roi dong goi chuyén téi Server.

Khéi SERVER - Diéu phoi dit ligu: nhan dit lidu tir CORE, phan phdi dong
thoi dén hai mé hinh phén loai: Random Forest Model (nhan Af,, g, fD) va Street
Model (nhan quy dao); dong thoi luu lich s phan loai trong b nhd dém (Cache
Data) phuc vu quy tic MN ¢ Top Model.

Hai mé hinh phdn logi song song: Random Forest Model (RFM) va Street
Model (SM) hoat dong doc 1ap, mdi mé hinh tra vé nhan phan loai kém d tin cay
(confidence score) cho Top Model.

Khéi TOP MODEL - Téng hop quyét dinh: két hop két qua tir hai mo hinh, ap
dung quy tic logic phan cdp va quy tic 6n dinh MN, dua ra nhin cudi cing: Drone,

Nhiéu roi rac hoac Khéong xdc dinh. Két qua dugc tra nguoc vé CORE dé hién thi
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trén giao dién diéu khién.
b. Thudt todn 1: Random Forest Model (Phdn logi dua trén dac trung phan tan
Vi dop-le)

Thuat toan 1: Random Forest Model (RFM)

Pau vao: véc-to dic trung (Af,, o, fD) tinh theo (2.41)-(2.42) ctia muyc tiéu dang xét;

cu ly muc tiéu R; rimg ngau nhién gdm 20 cay quyét dinh {Ty, ..., Tao} dd
huan luyén trén 20.000 mau (10.000 Drone + 10.000 Nhiéu rdi rac)

PAiu ra: nhin Drone/Nhiéu roi rac kém confidence score.

1 begin

2 | Nhan véc-to (4fp, oy fD) tur Server tuong ung voi muc tiéu dang xét.

3 | ifR>1,7kmthen /*tin hiéu tin xa tir canh quat suy giam dang ké */

4 | | RFM chuyén sang trang thai khéng hoat dong do tin hiéu tir canh quat suy

giam dang ké; quyét dinh phan loai dugc chuyén giao cho Street Model.

5 | else /*R<1,7km: phdn logi bang ritng ngau nhién */

6 | | Ganbien dau vao X[0] = as; vaX[1] = Af; (Hinh 2-13)
7 | | for mdicay quyétdinh Ti,i=1, ...,20 do
8 | | | DuyétTitirnat gbc: tai timg nat, kiém tra diéu kién ngudng dé xac dinh

nhanh phan chia tiép theo, dén khi gip nut 14
9 | | | Ghinhan phiéu bau vi = nhin tai nat 14 (Drone hodc Nhiéu roi rac)
10 | | end
11 | | Tong hop 20 phiéu theo co ché bo phiéu da sé (majority voting): L = nhin

c6 sO phiéu 16n nhat

12 | | Tinh d6 tin cay C = s6 phiéu cua L / 20

13 | | Gti (L, C) vé& Top Model dé tong hop quyét dinh cubi cung
14 | end

15 end

c. Thudt todn 2: Street Model (Phdn loai dua trén ddc trung chuyén dong)
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Thuét toan 2: Street Model - phan loai Drone/Khéng xac dinh

Piu vao: Quy dao chuyén dong ctia muc tiéu, cu ly R va phuong vi a theo ting

vong quét tir khéi CORE; ban dd nut duong giao thong OpenStreetMap
ctia khu vuc quan sat; bo tham sé (Bdng 2-4): r = 30 pixel ~ 30 m; N =
15; nearStreetRate = 0,5; k = 5; angleMax = 30°

Pau ra: Nhin Drone hoic Khong xac dinh (kha ning cao 1a phuong tién mat dit)

1

2
3
4

© 00 N O

11

12

13
14
15

Begin

Gan M =0 /*s6 lan muc tiéu dwoc danh ddu "gan dwong" *1

for mdi vong quét trong N = 15 vong quét lién tiép do

| Chuyén toa d6 muc tiéu (R, «) sang hé dia 1y (lat, lon) theo (2.43) - (2.44),
sau d6 sang hé Descartes (X, y) theo (2.46) - (2.47) voi gbc dit tai ra-da
/* dong nhdt hé quy chiéu ra-da va ban do OpenStreetMap */

| Dung cira s6 vudng canh 2r (r = 30 pixel = 30 m, theo théng ké Hinh 2-15)
cO tam tai vi tri muc tiéu

| if ton tai it nhat mot nut dudng giao thong trong cira sd then

| | Panh diu muc tiéu gan duong tai vong quét nay: M=M + 1

| end

end

if M > N x nearStreetRate = 15 x 0,5 = 7,5 (ti thiéu 8 lan) then /* muc

tiéu "gan dwong" *I

| Dung ctra s6 trugt kich thuée k = 5 trén N = 15 vong quét gan nhat, xac
dinh N —k + 1 = 11 goc angle;j giita huéng chuyén dong ctia muc tiéu va
huéng doan dudng gan nhét

| if mean{angle} < angleMax = 30° then /* di chuyén doc tuyén dwong,
theo thong ké Hinh 2-15 */

| | Géan nhin Khéng xdc dinh /* khd nang cao la phirong tién mdt dat */

| else

| | Gén nhan Drone
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16 | | end

17 | else

18 | | Génnhan Drone /* chuyén déng khong phu thudc ha tang giao thong */
19 | end

20 | Guri nhdn vé Top Model dé téng hop quyét dinh cudi cing
21 end

Céc tham s0 str dung trong Thudt todn 2 dugc tong hop tai Bang 2-4:

Bang 2-4. Gia tri tham sb ciia Street Model va co sé lwa chon

Tham s Gia tri Co s6 lra chon

R (ban kinh ctra s6 | 30 pixel | Dwa trén phan tich thong ké khoang cach giita nhidu

vuong) ~30m |roirac va tuyén duong giao thong (Hinh 2-15)
N (36 vong quét 15 Can bang giira d6 6n dinh quyét dinh va kha ning
lién tiép) dap ung thoi gian thyc
nearStreetRate 0,5 | Cho phép dung sai d6i vdi sai s6 dinh vi muc tiéu
k (kich thudc ctra . S6 diém quy dao t6i thiéu dé xac dinh hudng chuyén
) truot) dong 6n dinh
angleMax 300 Dua trén thong ké goc léch giita hudng nhifu va

hudng duong giao thong (Hinh 2-15)

Pham vi hiéu luc: Street Model hoat dong trong toan bo cu ly < 12 km - bd
sung cho vung cu ly ma Random Forest Model khong con hi¢u luc (R > 1,7 km).

d. Thudt todn 3: Top Model - Téng hop quyét dinh phén loai

Thuét toan 3: Top Model

Pau vao: Nhin Lrem tir RFM (Drone, Nhiéu roi rac hoic khong hoat dong); nhan
Lsm tir SM (Drone hoac Khong xdc dinh); lich sir phan loai ciia muc tiéu
trong Cache Data; tham sé quy taic MN: M =6, N = 10
DPau ra: Mot trong ba nhan: Drone, Nhiéu roi rac hoic Khong xac dinh
1 begin

2 | Nhan nhan Lrrm tir RFM va Lsm tr SM; cap nhat lich str phan loai cia muc
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tiéu vao Cache Data

| if RFM dang hoat dong (R < 1,7 km) then /* Nhdnh I wu tién REM & cie ly gan */
| | Nhan tng vién Lc = Lrem (Drone hodc Nhiéu roi rac)
| else /* Nhdanh 2 dung SM o culy xa (R > 1,7 km) */
| | if Lsm = Drone then
| | | Lc=Drone
| | else
| | | Lc= Nhiéu roirac /* nhan Khéng xdc dinh: dp dung MN theo huwdng
kiém tra khd nang thudc 16p Nhiéu roi rac */

| | end
| end
| iftrong N = 10 vong quét lién tiép gan nhat (Cache Data) c6 it nhat M = 6 1an du

doén tring khop Lc then /* Nhdnh 3 quy tiac 6n dinh MN, mike nhdt quan 60% */
| | Xéc nhan nhan phan loai cudi cung = Le /* chi thay doi nhan khi dii bang

chitng thong ké */
| else /* Nhdnh 4 tri hodn quyét dinh */
| | Tam duy tri nhan Khéng xdc dinh; tiép tuc tich luy dir liéu trong cic vong
quét tiép theo
| end
end
PRED = $tM PRED
PRED = DRONE — pepaiedy —Milogie
e[ MR

Hinh 2-17. So' d6 khéi ciia “Top Model”
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Hiéu qua cua Street Model phu thudc vao sy sin c6 ctia dit liéu mang ludi duong
giao thong tai khu vuc quan sat. Tai cac dia ban chua c6 dit li¢u OpenStreetMap nhu
khu vuc nong thon, mién nai, hodc 6 dit liéu chua duge cap nhat, Street Model khong
dua ra nhin phan loai; khi d6, quyét dinh cia Top Model chi dwa trén két qua cua
Random Forest Model. Do dic trung vi dép-le suy giam nhanh theo cu ly, tim phan
loai trong trudng hop nay bi gi¢i han béi tim hiéu lyc cua dic trung vi dép-le, khoang
1,7 km ddi vé6i drone DJT Phantom 4 trong diéu kién thir nghiém. Dé khic phuc han
ché nay, phan mém trén dai ra-da dugc thiét ké chic nang cho phép tric thi vé bd
sung cac tuyén duong va dia vat tai khu vyc dat dai. Dir licu bo sung dugc luu vao
co so dir lidu OpenStreetMap trén dai va duge Street Model st dung truc tiép trong
cac chu ky phan loai tiép theo, khong doi hoi thay ddi thuét toan phan loai.

Trén co s& chudi xir Iy DDDCR trinh bay & trén, hiéu ning ctia phuong phap dé xuat
s& duge danh gia thong qua dit liéu do thuc té theo cac kich ban da xay dung. Cac chi tiéu
dinh lwong va so sanh véi mot s6 phuong phap tham chiéu duoc trinh bay tai Muc 2.2.3.

2.2.3 Két qud thiz nghiém va thao lugn

a. Thong sé va cdu hinh hé théng ra-da

Sau khi ché tao, hé théng ra-da FMCW duoc lép dat va kiém tra trong diéu kién
thuc té (Hinh 2-18). Cac thong sb ki thuat chinh dap ung yéu cau thiét ké da duoc
trinh bay tai Bang 2-4. B6 sung cac chi tiéu vé kha ning triét nhidu - diéu kién tién
quyét dé phat hién va phan loai UAV ¢& nhé trong mdi truong nhiu phirc tap - dugc

tong hop tai Bang 2-5.

Bang 2-5. Yéu cu chién thuat bo sung ciia dai ra-da FMCW thir nghiém

STT Tham sb Gia tri Ghi chu
1 | Pham vi do luong R,y 12 km
2 | b6 phan giai cu ly AR 1,5m
3 | b6 phan giai phuong vi AS 1,2°
4 | Bing tan hoat dong 8,9 +9,5 GHz
5 | Hé sb cach ly ang-ten TX /RX >82,25 dB
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STT Tham s6 Gia tri Ghi chi
6 | Ty Ié phan loai dung nhiéu roi rac TRCR > 0,95
7 | Ty Ié phan loai dting drone TRDC > 0,95
8 | Kha nang phat hi¢n muc tiéu Drone > 3,3 km
9 | Pham vi phdn loai MRDC (cit ngang duong) > 1,5 km
10 | Pham vi phan loai MRDC (doc duong) > 1,5 km

Hé théng tich hop dong bo hai giai phap: giam nhiéu pha (Muc 2.1) va phén loai
nhiu rdi rac DDDCR (Muc 2.2), hoat dong trong chudi xtr 1y thong nhét tir phan
ciig dén thuat toan. Ang-ten st dung ciu triic mang khe dinh hudng hep; tin hiéu
sau thu duoc xu ly s6 v6i thuat toan phan loai dua trén dac trung vi dép-le va mod hinh
chuyén dong muc tiéu, dap tng yéu cau xir Iy thoi gian thuec.

b. Dia diém va méi truong thuc nghiém

Cac thi nghiém duogc tién hanh ngoai troi tai khu vuc Hoa Lac c6 dac trung
nhiéu roi rac dién hinh, bao gém cac tuyén giao thong, tham thyc vat va cac doi tuong
chuyén dong ngiu nhién. Khu vuc quan sat twong doi thong thoang nhung ton tai
nhiéu ngudn phan xa khong mong muén (clutter roi rac). Hé thong ra-da dugc lap dat
¢d dinh trén gia do dat trén ndc toa nha cao tﬁng, dd cao khoang 60 m so voi mat dat,

duy tri hudng quan sat khong d6i trong sudt qua trinh thu thap di liéu (Hinh 2-18).

Hinh 2-18. Ra-da FMCW duwoc sir dung cho nghién ciru
c. Poi tirgng va kich ban thiz nghiém
Déi tuong thir nghiém chinh 1a UAV DJI Phantom 4 (o ~ —20 dBsm). Ba kich

ban duoc xay dung dé tai hién cac tinh hudng thuc té ma tin hiéu drone c6 thé bi
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nham véi nhiéu roi rac: (1) chuyén dong theo hudng tim vé phia ra-da; (2) chuyén
dong theo quy dao tiép tuyén so véi ra-da; va (3) chuyén dong doc theo céc tuyén
giao thong trong vung quan sat. Bo kich ban cho phép danh gia khach quan kha nang
phan biét va tinh hiéu qua cua phuong phap dé xuat.

Nén tang tinh toan: Toan bd thir nghi¢m trién khai trén hé diéu hanh Ubuntu va
moi truong 1ap trinh C++. Toan bo khéi xur 1y phan loai va bam muc tiéu dugc dugc
trién khai trén méy tinh dung b xtr 1y Intel Xeon Silver 4216 2,1 GHz (16 151, 32 ludng)
va 32 GB RAM. Thoi gian xir Iy dé phan loai 01 muc tiéu (tinh tir khi tinh toan dic
trung cho dén khi tra két qua phan loai) khoang 2 ms/muc tiéu, dam bao xir Iy truc tiép
trong mdi vong quét cuia dai ra-da (dai ra-da c6 toc do quay 01 gidy/vong quét).

d. Phuong phap danh gia

Hiu qua cua phuong phap dugc danh gia thong qua ba chi tiéu dinh luong: (1)
TRCR (True Rate of Clutter Reduction - ty 1¢ nhiéu roi rac dugc phan loai dung trén
tong sé nhiéu roi rac thuc té), (2) TRDC (True Rate of Drone Classification - ty 18
drone duoc nhan dang dung trén tong sé drone thuc té), va (3) MRDC (Maximum
Range for Drone Classification - cy ly phan loai t6i da, phan biét theo kich ban bay
ngang duong va bay doc duong). Cac chi ti€u nay dugc xac dinh theo:

SNhiéu r&i rac phan loai ding

TRCR = (2.48)
TNhiéu roirac
TRDC — SDronephénloaidﬁng (249)
TDrone
MRDC = max{R : TRDC(R) = TRDCguimg} (2.50)

Trong d6, S 1a s6 miu duoc phéan loai dung, T 1a tdng s6 mau thyc té caa mdi
l6p; MRDC 14 cu ly 16n nhit tai d6 TRDC con duy tri trén ngudng yéu cau. Trong do,
TRDC 1a chi tiéu quan trong nhat vé& mit tac chién, boi bo sét drone (miss detection)
c¢6 hau qua nghiém trong hon bao dong 1am (false alarm).

e. Két qua thuc nghiém va danh gid dinh lwong

Két qua do thuc nghiém dugc minh hoa qua ba kich ban tiéu biéu (Hinh 2-19
dén Hinh 2-21), phan anh cach hai mé hinh thanh phan phéi hop hoat dong theo cu
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ly va dang quy dao.

A

B DOpoOEooae

Hinh 2-19. Phén loai mt chiéc drone (trong hinh elip d6) & khoang cach 3.5 km bang
cach st dung 'Street Model’

Hinh 2-19 minh hoa két qua phan loai drone tai cy ly R = 3,5 km. Tai cu ly nay,
nang luong phan xa tir canh quat qua yéu nén Random Forest Model khong hoat dong.
Tuy nhién, Street Model phat hién drone bay & vi tri khong nam trén dudng va hudng
di chuyén khong tring v6i hudng duong phd, nén phan loai thanh cong. Trén man

hinh, nhi€u muc ti€u nhiéu roi1 rac (xe cd) cling dugc gan nhan chinh xac.
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Hinh 2-20. Phén loai drone (trong hinh elip d6) v6i kich ban bay theo quy dao tiép

tuyén & cwrely 2,9 km
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Hinh 2-20 minh hoa két qua phan loai drone véi kich ban drone bay theo quy
dao tiép tuyén (cat ngang) so véi ra-da & cu ly 2,9 km. Pay 1a kich ban kho hon bay
hudng tam vi van téc dop-le cua muc tiéu nho hon (thanh phan van tc xuyén tam
thip). Du vy, hé théng van phan loai chinh x4c nho Street Model nhéan ra quy dao
bay khong bam theo duong phd.
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Hinh 2-21. Phan loai drone (trong hinh elip d6) véi kich ban
bay doc theo dwdng phd

Hinh 2-21 minh hoa két qua phan loai drone v&i kich ban kho nhat, Drone bay
doc theo duong phd khién Street Model khong phan biét dugc véi xe co. Hé thong
thue hién phan loai dwa trén dic trung phan tan dop-le cia Random Forest Model. G
cu ly 1,7 km, ra-da van thu duoc tin hiéu phan xa tir canh quat drone (RCS =~ —36
dBsm); thanh phén tan xa nay tao ra phé vi dép-le dac trung, khac bi¢t rd rét so voi
xe ¢0, nhd d6 hé thong phan loai thanh cong muc tiéu 1a drone.

Két qua tong hop va so sanh dbi chimg v6i dai ra-da tham chiéu Elvira duogc

trinh bay tai Bang 2-6.

Béng 2-6. So sanh hiéu niing phwong phap dé xuit véi dai ra-da Elvira

Stt| Chisod Elvira | D@ xuit Nhan xét
1 TRCR ) 0.97 97% nhiéu rdi rac (6 t6, xe may) bi loai
(phan  loai ’ bd khoi man hinh ra-da - chi con 3%
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Stt| Chisd Elvira | Dé xuat Nhén xét
ding nhiéu nhiéu khong duoc loc, dap tng tét diéu
01 rac) kién thtr nghiém c6 tuyén giao thong va
ngudn phan xa di dong dién hinh
TRDC 100% luot thir drone (DJI Phantom 4)
A : duwoc phdn loai dung trong pham vi
2 |(phan loai - 1,0 . , , . . .
] kich ban thw nghiém, khong bo sot
dang drone)
drone
Kha  nang ) .
ly phat hién 16n hon khoang 7,2 la
3 |phat hien| 3km | 35km |C¥1yphathienlonhonkhoang 1,2 ldn
so voi Elvira
Drone
MRDC Khi drone bay ngang qua duong, Street
4 (drone  cat 11km 35 km M,Odel c%e dang nhan fa quy. dao khong
ngang bam duong, cu ly phan loai dat 3,5 km
duong) - 16n hon khoang 3,2 ldn so véi Elvira
Kich ban kho nhét do drone cé dic tinh
MRDC chuyén dong gidng xe co; hé thong
5 |((drone doc| 1,1km 1,7km | phai dua vao Random Forest Model
duong) voi cu ly hiéu luc < 1,7 km. Cyu ly phan
loai 16n hon 1,6 ldn so véi Elvira

Két qua cho thay, trong pham vi diéu kién thir nghiém, phuong phap dé xuat
vuot Elvira & ca ba chi tiéu: (1) cu ly phat hién drone cai thién 1,2 lan; (2) MRDC
cat ngang duong cai thién 3,2 lan va (3) MRDC doc duong cai thién 1,6 lan. Ty 1é
phan loai ding nhiéu roi rac dat 97% va ty 1€ nhan dang dung drone dat 100%, dap
g vuot mirc yéu cau thiét ké tai Bang 2-5 (TRCR, TRDC = 0,95).

Cac chi tiéu tai Bang 2-6 duoc xac lap voi muc tiéu thir nghiém 1a drone DJI
Phantom 4 tai khu vuc Hoa Lac, trén dir li€u thu trong quy I va quy Il nam 2023 véi
diéu kién thoi tiét tot, do d6 phan anh hidu nang ciia phuwong phap trong pham vi dbi
tuong va diéu kién thir nghiém nay. Kha ning mé rong sang cac chung loai muc tiéu
khéc phu thudc vao hai nhom dac trung cia mé-dun DDDCR. Pac trung quy dao

(Street Model) chi dua trén viéc muc tiéu c6 di chuyén theo tuyén dudng hay khong,
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nén khong phu thudc ciu tao drone. Nguoc lai, dic trung phan tan dép-le (Random
Forest Model) phu thudc kich thudc canh quat va cu ly. Hinh 2-12 cho théy Inspire 2
c¢6 canh quat 16n hon nén tao phd trai rong hon Phantom 4 (band 1+15 so v6i band
1+13). O cu ly 1,7 km, phan xa tir canh quat Phantom 4 (RCS ~ —36 dBsm) vén tao
dugc phd dic trung (Hinh 2-21); vuot qua cu ly ndy, dic trung quy dao giit vai tro
quyét dinh. Do d6, mé hinh ap dung truc tiép duoc cho drone da ré-to co canh quat
tuong duong hodc 16n hon Phantom 4. Véi drone da ro-to c& rat nho, tdm hiéu luyc
ctia dic trung vi dop-le dy kién ngin hon, nén can bd sung dit liéu va huan luyén lai
mo hinh. V61 may bay canh béng, co ché tao vi dép-le khéac, nén can xay dung lai tap
huan luyén.

f. Lién hé Véi cdc cong trinh di cong bo

Phuong phap gidm nhiéu roi rac va phan loai muyc tiéu UAV trinh bay tai Muc
2.2 dugc hinh thanh qua qua trinh ké thira va phat trién tir hai cong trinh khoa hoc va
mot sang ché ciia NCS.

Cong trinh "A Discrete Clutter Reduction Method for Drone Detection with High
Resolution Radars" (CECNet 2022) 14 nghién ctru khoi dau, dé xuat 1an dau ¥ tudng
khai thac dong thoi ddc trung vi dép-le va dic trung chuyén dong dé phan biét drone
v6i nhiéu 10i rac. Y tudng ndy dugc phat trién thanh co ché phan loai hai ting trong
mo-dun DDDCR tai Muc 2.3.3: Street Model khai thac dic trung quy dao chuyén dong,
va Random Forest Model khai thac dic trung tan xa vi dop-le tir canh quat drone.

Tiép theo, cong trinh "A Design of a High-Resolution Frequency Modulated
Continuous Wave Radar for Drone Detection Based on Spurious Phase Noise and
Discrete Clutter Reduction" (IET Radar, Sonar and Navigation, 2024) di khang dinh
huéng tiép can va tinh dung dén vé phuong phap khoa hoc cua hai ndi dung nghién
ctru giam nhiéu pha (Muc 2.1) va giam nhiéu rdi rac (Muc 2.2). Hai giai phap duoc
tich hop trong cting mot khung xur 1y théng nhét, trong d6 nhiéu pha dugc xu 1y &
mirc phan ctg, nhiéu roi rac duge xir Iy & mire thuat toan; két qua cho thay viéc phbi
hop ddng thoi hai giai phap da nang cao hiéu ning phat hién tong thé cia dai ra-da.

Bén canh d6, NCS tng dung sang ché “Phuong phap chuyén d6i va hién thi dir
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liéu quét ra-da do phan giai cao” dé hoan thién khau hién thi trong chudi xir 1y: véi
d6 phan giai cu ly 1 m/pixel va tim quan sat 12 km, anh ra-da sau chuyén déi toa do
c6 kich thude 24.000 x 24.000 pixel; sang ché chi chuyén ddi & muc phan giai thu
gon khi hién thi toan canh va chuyén d6i ddy du cho ving duoc phong to, qua d6 bao

dam rang budc thoi gian thuc cho mo-dun DDDCR.

KET LUAN CHUONG

Trén co sé hai bai toan da xac 1ap tai Chuwong 1, Chuong 2 di dé xuét va kiém
chtng hai giai phap nang cao chat luong ra-da FMCW phan giai cao, tuong tng véi
bong gop 1 va Béng gbp 2 cua luan an.

V& bai toan nhiéu pha, luan 4n di quy yéu cau bao dam chat luong phat hién vé
mot chi tiéu dinh lwong duy nhat dbi voi phan cting 1a hé sb cach ly dng-ten
[50,4,;>82,25 dB, cho phép xur 1y nhidu pha ngay tai khau thiét ké ang-ten thay vi
bang cac bién phap bu trir & khdi phéat hodc hau xtr 1y tin hiéu. Co s khoa hoc cia
giai phéap 1a phan tach co ché ro phat-thu thanh hai duong truyén doc 1ap, mdi dudng
do mot tham s thiét ké kiém soat: dudng rd qua canh song phu phu thudc khoang
cach hai ang-ten nhung bdo hoa & mic 72,6 dB, phan thiéu hut duoc bu bang mit mé
loa két hop 1uéi loc phan cuc tac dong 1én dudng ro bién. T6 hop hai co ché dat hé
sb cach ly 85 dB theo do thuc nghiém trén toan dai 8.900 + 9.500 MHz, déng thoi
bao dam bing thong 600 MHz va mirc triét phan cuc chéo khoang 20 dB tai 45°. Can
luu ¥ rang ngudng 82,25 dB va bd tham sd thiét ké duoc dan xuét tir tp chi tiéu chién
thuat - k¥ thuat cu thé cua dai, phu thudc budc song va cAu hinh bd tri phat-thu, khi
16p muc tiéu hodc yéu cau dai tan thay doi thi quy trinh phén tich can dugc thuc hién
lai dé xac dinh bd tham sd twong tmg.

V& bai toan nhiéu roi rac, luan an dé xuat mo-dun DDDCR véi hé quy tic phan
cap Top Model, phéi hop hai dic trung c6 ving higu luc bu trir nhau theo cy ly: dic
trung phan tan dop-le tir canh quat drone phan biét tot & cu ly gan nhung suy giam
nhanh do mirc phan xa nho, con dic trung quy dao chuyén dong ddi chiéu ban do
duong giao théng duy tri hiéu luc & cu ly xa. Chinh co ché bu trir nay 1a co s cho

viéc mé rong tam phan loai. Két qua thuc nghiém dat ty 16 phan loai ding nhiéu roi
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rac TRCR = 97%, ty 1€ phan loai dang drone TRDC = 100%, tam phan loai cai thién
1,6 + 3,2 1an so véi hé thong tham chiéu Elvira tuy kich ban bay, voi thoi gian xtr Iy
dap ung chu ky quét cua dai. Ddi tuong thyc nghiém 1a drone DJI Phantom 4 (c4u
hinh bén canh quat), dai dién cho 16p UAV da ro-to ¢& nho ma dai dugc thiét ké dé
d6i pho; voi cac 16p muc tiéu khac, dic biét 1a may bay canh bing khéng sinh pho vi
dép-le tr canh quat, hé théng chua dugc thir nghiém nén chua cé s6 liéu danh gid. Vi
tri thue nghiém 1a khu vie da c6 dit liéu ban d6 sb. Véi dia ban chua c6 dit lidu nay,
hé thong duoc trang bi chirc ning bo sung thong tin mang ludi dudng bang thao tc
tht cong cua tric thi.

Viéc tich hop hai giai phap tao thanh mot chudi xir Iy dong bd cho hé thong ra-
da FMCW phan giai cao: tir thiét ké phan cimg ang-ten cach ly cao nham ha thap san
nhiéu pha, dén khai thac dic trung vi dop-le va quy dao chuyén dong dé loai boé nhidu
rdi rac va phan loai muc tiéu. Nguyén mau ra-da tich hgp toan bo chudi xir Iy nay da
phat hién 6n dinh muc tiéu DJI Phantom 4 tai cu ly 3,5 km véi P, = 0,7 va Prg <

107*, dam béo x1r 1y trong thdi gian thyec.

Trén co sé cac két qua dat dugc ddi voi ra-da FMCW, Chuong 3 s& chuyén sang
bai toan nang cao chat lwong dai ra-da xung canh gidi tAm xa, trong d6 trinh bay giai
phap xtr 1y da buap song két hop phat hién CFAR hai giai doan thich nghi trong moi

trudng nhiéu hdn hop (dong gop thir ba cia luan an).
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Chuong 3
DPE XUAT GIAI PHAP PA BUP SONG THICH NGHI VA CFAR HAI GIAI
POAN, NANG CAO CHAT LUQNG PHAT HIEN PAI RA-PA XUNG

Trén co s& bai toan xtr 1y nhidu hdn hop va phat hién thich nghi dbi vé6i ra-da
xung da dugc xéac dinh tai Muc 1.2 ctia Chuong 1, Chuong 3 tap trung trinh bay céc
giai phap khoa hoc - cong nghé cua luan 4n nham nang cao chét lugng hoat dong ctia
hé théng ra-da xung canh gidi tam xa. Xuat phat tir thyc té rang ty so tin hiéu trén tap
am (SNR) 1a dai luong then chét quyét dinh kha nang phat hién muc tiéu, dong thoi
cac thanh phan nhidu trong ra-da xung c6 phan bd phi Gauss, khéng dong nhét va
bién d6i theo khong gian - thoi gian, khién cac thuat todan CFAR truyén thong nhu
CA-CFAR khong duy tri duoc xac suét bao dong 1am 6n dinh trong diéu kién thyc té,
chuong dé xuét két hop hai hudng tiép can bod sung cho nhau: nang cao SNR thong
qua thiét ké va xir 1y da bip séng phat-thu, két hop v6i phuong phap phat hién thich
nghi CFAR hai giai doan; qua do cai thién do chinh xac cua ngudng phat hién va nang
cao hiéu qua triét nhiéu trong méi truong nén nhidu phirc tap.

Noi dung ctia chuong dugc to chirc theo trinh tu logic di tir dat van dé 1y thuyét
dén dé xuat giai phap va kiém chimg thyc nghiém. Trude hét, Muc 3.1 trinh bay bai
toan nang cao SNR thong qua xir Iy da bup song, trong d6 phan tich kién trac hé thong
ra-da xung va anh hudng cta ciu hinh bup séng phat-thu dén ning luong tin hiéu thu
duge tir muc tiéu; trén co so d6, dé xuat phuong phap thiét ké va lwa chon bap song
linh hoat, két hop véi ki thuét tao bip séng sb (digital beamforming) nhim ting
cuong tin hidu hitu ich va han ché anh huéng ciia nhidu ciing nhu cac phan xa khong
mong mudn. Tiép theo, Muc 3.2 tip trung giai quyét bai toan phat hién thich nghi
trong nén nhidu hon hop, trong d6 chwong dé xuét giai phap CFAR hai giai doan thich
nghi theo cum nhidu, két hop phan cum thdng ké HDBSCAN véi xap xi ham mat do
xéc suit bang da thtrc Bernstein, cho phép uéc lwong ngudng phat hién phu hop voi
dic tinh thong ké cua tirng viing nhiu cuc bd. Sau d6, Muc 3.3 trinh bay két qua danh

gia thuc nghiém céc giai phap dé xuat trén hé thong ra-da canh gisi 3D tim xa, so
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sanh v&i cac phuong phap da cong bd nham dinh lugng mirc d6 cai thién vé SNR, xac
suit phat hién P, va xac suit bao dong 1am Prg. Cudi cung, Muc Két lugn chiong
tong hop cac két qua dat duoc cta chuong va rit ra nhitng két luan 1am tién dé cho
phan tong két va dinh hudng phat trién.

3.1 Pé xuit giai phap Pa biip séng ning cao SNR

3.1.1 Kién trisc hé thong ra-da xung va co sé phén tich bdi todn ning cao

SNR théng qua toi wu biip séng

a. Kién tric tong thé

Heé thdng ra-da xung dé xuat duoc t6 chirc theo kién tric phan ting gdom ba cip chirc
nang: DSP-B dam nhiém xr Iy tin hiéu bang gbc va tao bip song s6, DSP-C thyc hién xir 1y
tin hi¢u sau tao bup va phat hién muc tiéu, con DP-C chiu trach nhiém xu Iy thong tin muc
tiéu cap cao (Hinh 3-1).

Phia phat: Khéi DSP-B thuc hién tao dang xung va diéu khién bup song phat thong
qua cac trong s6 khong gian. Tin hiéu sau d6 dugc diéu ché 1én tan sé lam viéc, truyén qua
cac mo-dun phat/thu (TRM) va phat xa qua hé théng dng-ten mang, cho phép diéu khién linh
hoat hudng birc xa theo yéu cau quan sat.

Phia thu: Tin hi¢u phan xa dugc ang-ten thu nhan va dua vao céc khéi thu sb (TRD)
dé khuéch dai, ha tan va sb hoa. Mdi TRD xuét ra cac kénh bang gbc s6 (DDC) cung mot
duong tin hiéu diéu khién, truyén vé DSP-B dé thuc hién tao bup séng thu sé (DBF). Pau ra
1 tap cac kénh bup song thu, dong vai trd dit liéu dau vao cho khdi DSP-C.

Khdi DSP-C: trién khai chudi xir 1y tudn ty gom: nén xung (PC) dé nang cao do
phan giai cy ly; loc MTI/MTD nham triét nhidu tinh va tich lily ning lwong ddp-le; CFAR
giai dogn 1 thuc hién phat hién so cp trén ting kénh bap song; khéi lua chon bap song gitr
lai kénh co6 chat lugng tin hiéu tot nhat tai mdi 6 cat; va CFAR giai dogn 2 thuc hién phat
hién cuc bd thich nghi theo dic tinh nhiéu tai tirng vung quan sat.

Khéi DP-C: xir Iy cic ing vién muc tiéu theo hai ludng song song: ludng phan cum
nhidu két hop voi udc luong phan bd xac suat nhidu, tao vong phan hdi cap nhat ngudng
phat hién cho CFAR tdng 2; va ludng bam muc tiéu nham duy tri quy dao on dinh theo thoi

gian. Két qua dugc hién thi tai man hinh ra-da.
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Hinh 3-1. Kién triic xir Iy da bup séng dé xuat
b. Co so dat bai toan
Hiéu ning phat hién cua ra-da xung duoc quyét dinh bai SNR tai dau vao bo
phat hién. Theo phuong trinh ra-da xung:

SNR = PGiGrA%o
(41)3R*KTyFB

(3.1)

Trong d6, P, 1a cong suét phat; G,, G, 1a do loi bap song phat va thu theo hudng
muc tiéu; A 13 bude song lam viéc; o 1a tiét dién phan xa ra-da ctia muc tiéu; R 1a
khoang cach tir ra-da dén muc tiéu; k 1a hang s6 Boltzmann; T, = 290 K 14 nhiét 46
chuan; F 1a hé s6 tap am; B 1a bang thong tin hiéu.

Cong thirc (3.1) cho thiy SNR suy giam manh theo khoang cach (ty 1& 1/R%) va
bi chi phéi boi cac tham sé phan cting (P, F, B). Trong cac yéu t6 ciu thanh, chi co
tich do loi bup séng phat-thu G, G, 1a dai luong c6 thé diéu khién chi dong théng qua
k¥ thuat tao bip séng, do d6 trg thanh tham sé trong tim dé nang cao SNR.

Trong diéu kién 1y twong, SNR dat cuc dai khi bap séng duge dinh hudng tring
hudng muc tiéu. Tuy nhién, trong giai doan phat hién ban dau, hudng muc tiéu chua
duoc biét chinh xéc; trong khi bup séng thuc té c6 d6 rong hiru han va ton tai ving suy
giam do¢ loi. Khi muc ti€u 1éch khoi truc bup chinh, do loi giam kéo theo suy giam

SNR. Ddng thoi, trong méi truong c6 nhiéu dia vat phan bd khong dong nhat, mot cau
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hinh bup séng cb dinh khong thé duy tri hiéu qua tdi vu trén toan b ving quan sat.

Do d6, bai toan dit ra 1a duy tri SNR ¢ mirc gan cuc dai trong diéu kién thong
tin vé hudng muc tiéu va dic tinh nhiéu chua dy du. Dé giai quyét, thay vi sir dung
mot bup séng don, hé thong khai thac mot tap cac bup song véi huéng va dic tinh
khac nhau - dam bao tai mdi vj tri trong khong gian quan sat ludn ton tai it nhat mot
bup song c6 do loi gan téi vu. Khi d6, bai toan dugc chuyén thanh lya chon bap séng
sao cho SNR dat cuc dai tai tirng 0 cit. Pé dam bao tinh kha thi trién khai, cac bup
song can dugc tao 1ap va xtr Iy dong thoi trong cting mot chu ky quan sat - cho phép
so sanh truc tiép chat luong tin hiéu gitta cac kénh.

3.1.2 Co 56 todn hoc

Xét hé théng ra-da sir dung dng-ten mang gom N phan tir. Tin hiéu thu tai dau
vao mang dugc biéu dién duéi dang véc-to:

x(t) = s(t)a(@) + n(t) (3.2)

Trong d6, s(t) la tin hi¢u phan xa tir muc tiéu, a(0) la véc-to dap ing mang theo
huéng 6, va n(t) 1anhidu tong hop (bao gdbm nhiéu nhiét va nhidu phan xa tir méi truong).

Qua trinh tao bup séng sb6 dugc thuc hién thong qua véc-to trong sb w, cho tin
hiéu dau ra:

y(®) = whx(t) (3.3)

Do bup song c6 do rong hitu han va do loi dat cuc dai tai truc chinh, khi ton tai
sai léch gitra hudng blp song va hudng muc tiéu, do loi suy giam theo dac tinh dap
g khong gian, kéo theo suy giam SNR. Vi vay, mot cau hinh bép séng don khong
dam bao duy tri SNR & muc cao trén toan by vung quan sat.

Sai léch gitta hudng bip song va huéng muyc tiéu lam suy giam SNR. Dé khac
phuc, hé théng st dung mot tap bup song {wi}, mdi bip song tré vé mot husng Khac
nhau. Tin hiéu dau ra cua bap séng thir k 1a:

@) = w x(t) (3.4)

Cung mot myc tiéu duoc quan sat ddng thoi bang nhiéu bup séng nén mdi kénh
cho mot mire SNR khac nhau; nhd do, tai mdi thoi diém quan sat luén ton tai it nhat

mot kénh c6 d6 loi gan cuc dai.
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Trong cau hinh dé xuit, img véi mdi bip song phat, hé théng tao dong thoi
nhiéu bip song thu & cac hudng 1an céan, roi t6 hop céc tin hiéu thu ndy dé ting cudng
nang lugng hiru ich va bu suy hao do sai 1éch huéng. Phép t6 hop dua trén xir Iy don
xung két hop wéc lugng hop 1y cuc dai (MLE): chénh léch bién do va pha giira cac
kénh dugc dung dé hiéu chinh sai léch g6c va ude luong bién do tin hi¢u, nhd d6 SNR
dau ra duoc cai thién.

Sau budc to hop, vi mdi bup song phat thu dugc mot tin hiéu twong tng c6
muc SNR phy thudc cau hinh bip séng. Do huéng muc tiéu khong biét trude, bai
toan dugc chuyén thanh lua chon bap song tdi wu:

k* = argmax SNR, (3.5)

Céach tbi vu nay dua bai toan t6i vu lién tuc theo huong muc tiéu vé mot bai
toan don gian hon: lya chon rdi rac bup song tot nhat trong tap bap song da thiét ké
san. Pé phép lya chon nay nhit quan, cac bap song phai duoc tao lap va xir 1y dong
thoi trong cung mét chu ky quan sat; khi do, chénh 1éch SNR gitra cac kénh chi phan
anh dic tinh khong gian cua ting bip song ma khong bi 13n bién dong cua tin hiéu
theo thoi gian, bao dam viéc so sanh va chon kénh giira cac bip song 1a cong bang.

3.1.3 Lwa chon biip séng toi wu

Trén co s& md hinh toan hoc trén, dé ning cao SNR trong diéu kién chua biét trudc

huéng muc tiéu, hé thong phét va xir 1y dong thoi nhiéu bap song tai mdi huéng quan sat.

Gain - dB
Gain - dB

3 2 ] 0 1 2 3 a3 2 1 0 1 2 3 a
Ele - Deg Ele - Deg

Hinh 3-2. Hai biip séng truyén (anh trai) va hai biip séng tong hop tai dau ra caa xir
Iy tao chim s6 (anh phai)

Cu thé, tai mdi goc phwong vi, hé thong phat dong thoi hai bup song & hai goc
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ta khac nhau; tng v&i mdi bip séng phat, ba bip séng thu duoc tao dong thoi va to
hop lai. Cach b tri ndy vira mé rong ving bao phu theo goc ta, vira nang cao do lgi
thu. Sau xir 1y tao chum sb, hé théng nhan dugc hai bup soéng phan xa da to hop,
twong (ng voi hai bup song phat (Hinh 3-2).

Chu hinh khoang cach géc giira cac bip: Khoang cach goc giita cac biap thu anh
hudng truc tiép dén dic tinh t6 hop va d6 loi, khoang céch 16n lam tang do loi tai cac goc
ta 16n nhung c6 thé xuat hién gon trong ving do rong bip (ving suy giam —3 dB). Trong
nghién ctru nay, khoang cach giita hai bup song phat dugc chon bang mot nira do rong bup
song theo goc ta, con khoang cach giita cac bap song thu dong thoi (voi mbi bup phat)
duoc dit bang mot phan tu do rong bup song theo goc ta. Cau hinh nay dam bao su chong
phu tdi wu giita cac bip thu, ddng thoi gidm thiéu nhidu giao thoa giita cac kénh.

Phwong phap to hop bup séng thu: Cé nhiéu phuong phap t6 hop bup song
thu dong thoi, dién hinh tai [87], [88]. Luan 4n st dung phuong phap két hop gitra xi
Iy don xung va udc luong hop 1y cuc dai (MLE) dé dat d6 chinh xac cao hon trong
udc luong vi tri va bién d6 muc tiéu. Cach két hop nay tan dung wu diém cua xir Iy
don xung trong xac dinh sai léch goc nho, dong thoi khai thac tinh tbi wvu cua MLE
trong udc luong tham sé bién do, gitip cai thién do phan giai goc va SNR dau ra.

Tiéu chi lwa chon tai mdi 6 cit: Trén co so cac bip song da to hop, mdi muc
tiéu trong khong gian quan sat tvong tng véi nhidu kénh phan xa doc lap. Tai mdi 6
cit (Cell Under Test - CUT), hé thdng danh gia SNR cua cac bip song tuong tng va
lya chon bup c6 gia tri SNR 16n nhat theo (3.5), qua d6 nang cao chat luong tin hiéu
dau vao cho khdi phat hién.

Hé qua - yéu ciu phat hién thich nghi: Viéc lya chon bup song theo cuc dai
SNR nang cao chat lwong tin hiéu, nhung do mdi bup song c6 dic tinh khong gian khac
nhau, mirc nhiéu twong tng tai dau ra ciing thay doi theo timg kénh quan sat. Diéu nay
lam cho méi truong nhiu tai dau vao bo phat hién tré nén khong dong nhat va phu
thudc cdu hinh bap séng duoc lya chon. Do dé, cac phuong phap phat hién truyén
thong voi gia thiét nhidu dong nhat khong con dam bao hi¢u ning. Van dé nay dat ra

yéu cau xay dung cac thuat toan CFAR thich nghi, dwoc trinh bay trong Muc 3.2.
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3.2 Pé xuit giai phap CFAR hai giai doan thich nghi trén nén nhiéu hén hop

nang cao chit hrong phat hi¢n

3.2.1 Pdc diém nén nhiéu hén hgp/khéng dong nhét va yéu cau déi véi by

phat hién thich nghi

Trong hé thdng ra-da xung thuc té, tin hiéu dau vao b phat hién khong chi bao
gdém phan xa tir myc tiéu ma con chiu anh hudng cta nhiéu thanh phan nhiéu khac
nhau: nhiéu nhiét, nhiéu tir dia vat va cac nhiéu roi rac phat sinh trong qua trinh xu
1y tin hiéu. Sy két hop ciia cac thanh phan nay tao nén nén nhiéu co tinh chat hdn hop
va khong dong nhat theo ca khong gian va thoi gian.

Két qua do thuc nghiém cho thiy muic cong suat nhidu nén thay doi dang ké theo
cu ly va phu thudc cdu hinh bip song phét-thu. Dic biét khi 4p dung k¥ thuat da bap
song (Muc 3.1), mdi kénh quan sat tuong (g véi mot bip song khac nhau s& co dic
tinh nhiéu riéng biét - khién gia thiét nhidu déng nhat, von la co s¢ ciia nhiéu thuat toan

phat hién truyén théng, khong con phu hop trong diéu kién van hanh thuc té.
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Hinh 3-3. Mitc nén nhiéu ting Ién do tic dong ciia MTI (dwong mau dé) so véi khi
khong sir dung MTI (dwong mau den)
Bén canh do, cac ky thuat xtr ly tién phat hién nhu MTI hoac MTD, mac du gidam

dugc nhiéu tinh, c6 thé gay hi€u iing phu lam bién d6i nén nhiéu, ting mic nhiéu nén
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tai cac ving von khong chira nhiéu dang ké, dan dén suy giam SNR (Hinh 3-3).

Mot thach thirc co ban trong bai toan phét hién ra-da 1a mdi quan hé rang budc giita
x4c sudt phat hién P, va xac suat bao dong lam Pfq. Trong moi truong nhiéu 1y tudng,
ngudng phat hién c6 thé duogc thiét 1ap dé duy tr P4 khong d6i. Tuy nhién, trong diéu
kién nhiéu khong déng nhat, viéc duy tri P; 6n dinh thuong dan dén gia ting dang ké
Py, néu khong c6 co ché diéu chinh ngudng thich tmg phu hop (Hinh 3-4, Hinh 3-5).

Clutter PDF
— Target PDF
= = = =Threshold
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Hinh 3-4. Quan hé gitra Py va Pra

Hinh 3-5. Cac bao dong lAm (trong cic vong tron mau vang) trén man hinh ra-da do
anh huwdng ciia méi truwomg khéng dong nhat

Céc phuong phap hoc may va hoc sau, mac du c6 kha nang hoc dac trung tir dir
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liéu, van gip han ché khi diéu kién van hanh thay ddi hodc khi dit liéu huén luyén
khong day du. Viéc gia dinh trude phan bd nhiéu hoic sir dung mé hinh khong thich
nghi theo thoi gian c6 thé dan dén sai 1éch trong thiét 1ap ngudng phat hién.

Tir céc phan tich trén, c6 thé rit ra bon dic diém chinh ctia nén nhidu trong ra-da xung;

(1) Hon hop: bao gdbm nhiéu thanh phan nhiéu khac nhau;

(2) Khong dong nhat theo khong gian: phy thudc cu ly va goc quan sat;

(3) Bién ddi theo thoi gian chiu anh hudng ctia méi trudng va chudi xit 1y tin hiéu;

(4) Khong tuan theo mot phan bd xac suat ¢ dinh trén toan bo ving quan sat.

Céc dic diém nay dit ra yéu cau ddi véi bo phat hién phai thich nghi theo moi
truong nhidu cuc b, thay vi sir dung ngudng phat hién c6 dinh hoic mé hinh nhiéu
toan cuc. Cu thé, b phat hién can dap tng nam yéu cau:

(1) Duy tri xéc suat bdo dong 1dm Py, 6n dinh trong diéu kién nhiu khong dong nhat;

(2) Thich nghi véi sy thay doi ciia phan bd nhiéu theo timg ving khong gian;

(3) Khai thac hiéu qua tin hiéu sau xu 1y da bap séng nham nang cao SNR;

(4) C6khaning udc luong hodc xap xi phan bd x4c suat ctia nhidu tir dit liéu do thuc;

(5) Pam bao kha ning trién khai trong thoi gian thuc.

Tir d6, bai toan dit ra 1a xay dung mot phuong phap phat hién thich nghi két hop
gitra phat hién so bd va hi¢u chinh ngudng theo dic tinh nhiéu cuc bo. M6 hinh toan hoc
nay dugc trinh bay & Muc 3.2.2, 1lam co s& cho giai phap CFAR hai giai doan tai Muc 3.2.3.

3.2.2 M6 hinh toan hoc Cua bai todn phdt hién

a. Bai todn kiém dinh gia thuyét nhi phin

Qua trinh phat hién myc tiéu dugc xem nhu bai toan ra quyét dinh giira hai gia
thuyét ddi v6i 6 dang kiém tra (Cell Under Test - CUT): gia thuyét rong H, (khong
c6 muc tiéu) va gia thuyét thay thé H, (c6 muyc tiéu). Goi y 1a dit liéu thu duogc tir
CUT, p(y|H,) va p(y|H,) lan luot 1a ham mat do xac sudt (PDF) cua y duéi hai gia
thuyét. Xac suat phat hién va xac suat bao dong lam duoc tinh:

Py = [, p(yIH,) dy (3.6)
Pra = [, p(yIHo) dy (3.7)

Trong d6, 2 1a tAp hop céc gid tri y ma tai d6 gia thuyét H, duoc chon. Quy tic
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quyét dinh Neyman-Pearson (kiém dinh ty sb hop 1y) dugc phat biéu:

p(y|Hy) < H
12 )
p(ylHy) o (3.8)

Dé 4p dung (3.8), can xac dinh twong minh cac PDF p(y|H,) va p(y|H,);

ngudng A duoc thiét lap dya trén gia tri Py, cho trudc. Viéc xac dinh cac PDF nay
phu thudc vao mo hinh dir liéu do y.
b. Mo hinh tin hiéu co ban
Mo hinh don gian nhat gia thiét chi c6 nhiéu hé thdng (nhidu Gauss) n:
Hy: y=n (3.9
H:y=s+n (3.10)
Trong d6, s 14 tin hiéu phan xa tir CUT va n 13 nhiéu hé thong. Khi méi truong co
thém thanh phan nhidu nén c¢ (tr dia vét, mit bién hodc khi tuong), mé hinh dwoc mo rong:
Hy: y=n+c¢c (3.11)
H:y=s+n+c (3.12)
Trong d6, ¢ 1a nhidu nén c6 phan bd xac sudt da biét nhu Gauss, Weibull, K
hoac Gamma.
C. M6 hinh tong qudt cho nhiéu hon hop, khéng dong nhat
Trong diéu kién thyc té da phan tich tai Muc 3.2.1, cic md hinh (3.9) - (3.12)
chua phan anh dugc tinh hdn hop va khong dong nhét ciia nén nhiéu. Gia thiét nhidu
tai cac 6 khoang cach 1an can c6 ciing phan bd xac suat va tinh chat thong ké nhu tai
CUT, luan an dé xuat mo hinh tong quat trong d6 toan bo thanh phan nhiéu dugc gop
thanh nhiéu tong hop i(t, x):
Hy: y =1 (3.13)
Hi:y=s+1 (3.14)

Vé6i nhiu tong hop i(t, X) tai thoi diém t va vi tri X duoc biéu dién:

i(t,x) = Z 1 (x, Ay pPO (¢, %) (3.15)
k=1

Trong d6, Ay 1a cac vung roi nhau (k = 1,2,...,m) tai d6 ham mat do cua

nhiéu 1a p® (¢, x); cac ving nay phi toan bd khong gian quan sat va ham chi thi
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x(x,Ay) duoc dinh nghia:

m 4
1, neux € A,

A, = khong gian quan sat; y(x, Ay) = {0 trudmng hop con lai

k=1

(3.16)

Trong mdi ving Ay, ham mat d6 py, (¢, x) 13 t6 hop tuyén tinh ctia cdc ham mat
d6 con tuong ung voi cac loai nhiéu cung xay ra trong CUT:

p(t,0) = B ;) p® (0, (k) € R (3.17)

d. Y nghia ciia mé hinh

Cong thire (3.15) - (3.17) cho thay tin hiéu thu tai CUT c6 thé bao gém nhiéu
thanh phan nhiéu véi cac phan bd khac nhau, thay doi theo khong gian (qua chi s6
vung k) va theo thoi gian (qua bién t). Vi vay, cac phuong phap CFAR gia dinh trudc
mot dang phan bd nhidu c¢b dinh s& suy giam hiéu ning trong diéu kién nay.

Tir d6, bai toan phét hién dugc chuyén thanh bai toan udc luong va thich nghi
theo phan bd nhidu cuc bd. Trén co s nay, giai phap CFAR hai giai doan thich nghi
theo cum nhiéu dugc dé xuat & Muc 3.2.3: (1) giai doan 1 phat hién so bd cic ung
vién bang ngudng thdng nhat; (2) giai doan 2 phan cum cau tric nhiéu va uéc luong
phan bé cuc bo dé hiéu chinh ngudng cho ting ving A,.

3.2.3 Pé xudt gigi phdp CFAR hai giai doan thich nghi trén nén nhiéu hén

hop néng cao chit lwong phdt hién

Trén co sé mo hinh nhiéu khong dong nhét tai Muc 3.2.2 (cong thirc (3.13) -
(3.17)), luéin 4n dé xuat phuong phap phat hién thich nghi dya trén co ché CFAR hai
giai doan nham nang cao d tin ciy phat hién va giam bao dong 1am trong méi trudng
phirc tap. Y tuéng cot 18i 1a tach qua trinh phat hién thanh hai giai doan:

Giai doan 1 (CFAR toan cuc): phat hién so b cac tng vién muc ti€u voi
ngudng thong nhat trén toan bo ving quan sat, nham loai bé phan 16n nhidu nén co
muirc ning luong thap.

Giai doan 2 (CFAR cuc bd): phan cum cau trac nhidu con lai theo dic tinh
khong gian-cong suit, wéc luong phan bd xac sudt va thiét 1ap ngudng phat hién riéng
cho timg ving nhiéu 4.

Céch tiép can nay chuyén bai toan phat hién tir gia thiét nhiéu dong nhat sang
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mo hinh thich nghi theo tirng cum nhiéu, pht hop véi diéu kién van hanh thuc té.

a. Quy trinh xit Iy tong thé CFAR hai giai doan trong DSP-C va DP-C (Thudt todn 1)

Buéc 1 - Tién xir Iy va nang cao SNR: tin hiéu sau tong hop bip song dugc
dua qua nén xung (pulse compression) dé ting do phan giai cu ly, va qua bo loc
chuyén dong MTI/MTD dé triét nhidu tinh va cai thién SNR.

Buéc 2 - Phat hién so' cAp (CFAR giai doan 1): trén mdi kénh bup séng, thuat
toan CA-CFAR duoc 4p dung tai timg 6 cit CUT vé6i ngudng thiét 1ap theo P, va Prq
toan cuc; budc nay loai bé phan 16n nhidu nén va giit lai cac diém c6 kha ning chira
muc tiéu hodc nhidu bat thudng.

Buéc 3 - Lira chon bup séng t6i wu: v6i nhiéu bup song thu dong thoi, tai mdi
CUT hé théng chon kénh c6 gia tri SNR 16n nhét (theo tiéu chi cua Muc 3.1.3), gitr
lai cac diém Gng vién twong tmg dé dam bao chi cac phan xa c6 chat luong tin hiéu
t6t nhat duoc chuyén sang cac budc sau.

Buéc 4 - Phan cum nhiéu: cac diém con lai dugc phan cum bﬁng thuat toan dua
trén mat d6 HDBSCAN [89] - c¢6 kha ning ty dong xac dinh s6 lugng cum, phat hién cac
viing c6 mat do cao va xir Iy tot cac cum c6 mat do khac nhau. Két qua 1a tap cac ving
nhiéu {4;}, k = 1,..., m, mdi ving twong tmg v&i mot dic tinh théng keé riéng.

Buéc 5 - Uédc lwong phan bd xdc suat nhiéu: vi mdi ving A4, tap dir lidu
phan xa duoc dung dé wéc lugng ham mat do xac suit py, (x) bang xap xi Bernstein
trén histogram cat ngan cta dir liéu trong doan [a, b]; dudng xap xi duoc chuan hoa
dé tich phan trén [a, b] bang 1 trude khi tinh ham phan phéi Fx. Phuong phap moment
chi duoc tinh song song dé ddi ching chat lugng xap xi, khong dung dé xac dinh
ngudng. Co s& toan hoc duoc trinh bay tai phan (b); quy trinh chi tiét tai Bang 3-2.

Buéc 6 - Phat hién cuc bd (CFAR giai doan 2): trén co sé phan bd nhiéu da
ude luong, ngudng phat hién cuc bod cho tung vung dugc xac dinh:

A = Fk_l(l - pfa) (3.18)

Trong d0, Fj, 12 ham phan phéi tich luy (CDF) cta nhidu trong ving Ay ; Prq la
xac suat bao dong 1am cuc bo. Cac diém co cong suét nho hon A s€ bi loai bo; qua

trinh nay cé thé duoc lap lai khi phan bd nhiéu duoc cap nhat.
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Buéc 7 - BAm muc tiéu va cip nhat: cic diém con lai sau CFAR giai doan 2

duogc chia thanh hai ludng xtr Iy song song: (1) ludng phan cum nhiéu cap nhat lai cic

vung A; va (2) luéng bam muc ti€u thuc hién theo doi quy dao.

Quy trinh xtr I tong thé dugc tong hop trong Bang 3-1.

Bang 3-1. Thuét toan 1 - Quy trinh xir Iy tong thé CFAR hai giai doan trong DSP-C

va DP-C

Thuat toan 1: Phat hi¢n muc ti€u hai giai doan v&i ngudng cuc bd thich nghi

Piu vao: Cac bup song thu sau DBF; x4c suat bao dong 1am toan cuc Pra cho CFAR

giai doan 1; xac suit bao dong 14m cuc b pta cho CFAR giai doan 2

Pau ra: Cac plot va quy dao muyc tiéu; cic vung nhiéu {Ax} va phan bo xéc suat

twong tmg p®

1 begin
Gan tap vung nhidu {A} =@ /* diéu kién ban dau */
3 | whiletrue do /* véi méi chu ky quét */

2 |

4 |

5 |
6 |

7

8 |

9 |
10 |
11 |
12 |
13 |
14 |

| Nén xung (pulse compression) cho tit ca xung thu twong Gng véi cac bup

song

Tich phan xung st dung MTI va MTD

Phét hién so bd bang CA-CFAR (giai doan 1) véi xac suat bao dong lam
toan cuc P

Lya chon btp séng c6 SNR cuc dai tai CUT va chuyén cac ung vién muc
tiéu (plot) sang DP-C

/* Xur Iy plot theo hai luong song song */

Phan cum nhiéu béng HDBSCAN, b6 sung cac vung nhiéu x4c dinh duogc
vao tap {Ac}

Bam muc tiéu, hinh thanh va cép nhat quy dao

if {Ac} # @ then

| for mdi ving nhiéu Ax do

| | Ubc lugng PDF nhiéu p® bang Thudt todn 2 (Bang 3-2)

| | Tinh ngudng cuc bd Ak theo cong thirc (3.18) vdi pra cuc bod

|

| Loai bo moi plot trong Ax c6 cong suat nho hon A (giai doan 2)
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15| | | end

16 | | end

17 | | Duara cac plot con lai va cap nhat quy dao muc ti€u
18 | end

19 end

b. Co so toan hoc xdp xi ham mdt dé xdac sudt nhiéu (Thudat toan 2)

Viéc uéc lugng PDF ciia nhiéu trong timg ving A, dong vai tro then chét trong
CFAR giai doan 2. Luan an st dung hai phuong phép xap xi: phwong phdp Bernstein
va phwong phdp moment, déu dya trén tinh chat ciia ham mat do cat ngan va 1y thuyét
xap xi ham trén mién compact.

Ham mat do cit ngs?'ln: Trong hé théng ra-da, tin hiéu phan xa chi dugc thu
nhan trong dai cong suét tir ngudng nhay a (sensitivity level) dén ngudng bio hoa b
(saturation level) ctia b thu. Phan bd nhiu quan sat duoc ludn 1a dang cit ngan:

p(x) .
F(b) — F(a)

Trong do, Ij,p(x) =1 néu x € [a,b] va bang 0 néu x & [a,b]; F(x) la

p(x; a,b) = Itqp (%) (3.19)

CDF tuong Ung.

Tinh duy nhét caa biéu dién - Pinh Iy Hausdorff: Néu f,g € C[a, b] sao
cho [ x* f(x) dx = [ x¥ g(x) dx véi moi k > 0, thi f = g trén [a,b]. Pinh 1y
nay dam bdo ré“mg ham mat do cat ngén dugc xac dinh duy nhét béi cdc moment cta
no - tinh chat then chot dam bao su nhat quan ctia phwong phéap xap xi.

Xap xi Bernstein: Cho ham f:[0,1] - R lién tuc, da thic Bernstein bac

n dugc dinh nghia:

Bu(xf) = ) Cnk)x*(L = 0™ f(ie/n) (3.20)
k=0

Trong d6, C(n, k) 1a hé s6 t6 hgp. Theo dinh ly Bernstein, B, (x, f) hoi tu déu

toi f(x) trén [0, 1]:
limy, , o SUDxe01] |Ba(x, f) — f(x)| = 0 (3.21)
Véiham f:[a,b] - R,dat g:[0,1] = R, g(x) = f((x —a)/(b — a)). Khi d6
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f(x) dugc xap xi boi B, (a + (b — a)x, g). Do p(x) lién tuc nén p(x; a, b) ciing lién
tuc trén [a, b], dap tmg diéu kién ap dung xap xi Bernstein.

Xap xi bang co sé da thirc truc giao (phwong phiap moment): Néu
p(x;a,b) € L?[a,b] (kha tich binh phuong), ta xdy dung co s& truc giao tr cic
moment. Pat m* = [ x* dx, k = 0, 1,... Cac da thirc truc giao Py(x) = m, va P,(x)

duogc xay dung tur dinh thirc ma tran Hankel:

| Mo My =+ My
my My o Mpy
P,(x) = det ' : (3.22)
Mp—1 My ° Mppg
1 x e X

Tap {P,(x)/||P,||} tao thanh co s truc chuan cua L?[a, b], vd ham mat do
p(x; a, b) dugc biéu dién duy nhat:

Pp(x)
IPall”

Pn
[l Prl

p(x; a,b) = Yi_ocn cn = (p(x; a,b),—=) (3.23)
Trong do, cn dugc tinh tir cAc moment cua PDF. Tinh truc giao dugc chiing
minh nh¢& ciu tric dinh thirc ma trin moment; tinh déy du cua co s& duoc thiét 1ap

thong qua bién doi Laplace song phuong va bién d6i Fourier nghich.

Bang 3-2. Thuit toan 2 - Uéc lwong ham mét d xac suat nhiéu

Thuit toan 2: Udc lugng PDF nhiéu bang xap xi Bernstein va phuong phap moment

Pau vao: Bac xap xi n va dir ligu {yi®} (i=1, ..., Ni) tir viing nhiéu Ax
Piu ra: Pa thirc x4p xi PDF theo phuong phap Bernstein va phuwong phap moment
1 begin
2 | Xay dung histogram cat ngin cho dir liéu {yi®}
| /* Phuong phdp Bernstein */
3 | Xac dinh x4p xi Bernstein ctia PDF nhiéu theo cong thirc (3.20)
| /* Phuwong phap moment */
4 | Tinh cic moment Mo dén mzn
5 | Xac dinh cac da thirc tryc giao Po(y) dén Pn(y) theo cong thirc (3.22)
6 | Tinh cac hé sb co dén ¢y theo cong thic (3.23)
7 | Xac dinh xap xi moment cia PDF nhiéu theo (3.23)
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8 | return Da thuc x4p xi PDF
9 end

Trén co sé chudi xir 1y dé& xuét, phuong phap CFAR hai giai doan thich nghi
theo cum nhiéu khong chi nang cao kha ning phat hién muc tiéu trong moi trudng
nhidu khéng déng nhit ma con dam bao kiém soat hiéu qua xac sudt bao dong 1am
Prq cuc bo. Hi€u nang cua phuong phap duoc danh gia chi tiét théng qua cac kich
ban thtr nghiém va dir liéu do thuc, trinh bay tai Muc 3.3.

3.3 Danh gia thuc nghiém vei giai phap da buip song, CFAR hai giai doan thich

nghi dé xuat

3.3.1 M& td h¢ théng va kich ban thiz nghigm

a. Cau hinh ra-da

Ra-da sir dung cho thtr nghiém 1a ra-da canh gioi phong khong 3D (Hinh 3-6)

v6i cac tham sd hé thdng cho trong Bang 3-3.

Hinh 3-6. Ra-da canh gi¢i 3D dwec sir dung cho nghién ciru

Hé thong 1am viéc ¢ bang tan S, tam hoat dong 360 km, do rong bip song theo phuwong
cao < 3,5°, toc d6 quét 0,1 Hz (chu ky mot luot quét toan khong gian 1a 10 s). Quét
theo phuong cao thyc hién bang diéu chinh pha tin hi¢u trén mang ang-ten, quét theo
phuong vi thuc hién bang quay co hoc. Tai mdi huéng dinh hudng, hé thong phat hai
bup song lién tiép va thu sau bip song; khoang cach goc giita hai bip song phat 1a

1,4°, giita cac bip song thu dong thoi (ing voi mdi bup phat) 1a 0,5°.
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Bang 3-3. Tham s6 hé théng ra-da canh giéi 3D sir dung trong thir nghiém

Théng s6 Don vi Gia tri
Tam hoat dong thiét bi hoa km 360
Tan s6 - Bang tin S
Do rong bup soéng theo phuong cao do <35
Téc d6 quét Hz 0,1
Xac suat bao dong 1am toan cuc Py, - 1073
X4c suit bao dong 1am cuc bod Pra - 0,1

b. Muc tiéu thir nghiém

Muc tiéu dugc Iya chon 14 may bay thé thao hang nhe ATEC 321 Faeta (Hinh 3-7),
bay véi van toe 160 km/h & d cao 1 000 m. Gié tri xac sudt bao dong l1am cuc bd p e = 0,1
duoc ap dung dong nhét cho tat ca cac ving nhidu nén. Viéc lwa chon p ra = 0,1 dya trén
tiéu chi: bao dam Pg > 0,8 theo yéu cau bat budc dbi véi cac dai ra-da quén su, dong thoi

phtt hop véi thong 18 Iya chon tham s trong cac nghién ctru lién quan trén thé giGi [90].

Hinh 3-7. May bay ATEC 321 Faeta sir dung lam muc tiéu thir nghiém
Nén tang tinh toan: Toan bo thir nghiém trién khai trén hé diéu hanh Ubuntu
va méi trudng lap trinh C++. Khdi DSP-C va DP-C duoc trién khai trén ba méy tinh
ding bo xir Iy Intel Xeon Gold 6242R 3,1 GHz (20 15i, 40 lung) va 24 GB RAM.
Thoi gian tinh toan do dugc: DSP — C < 1 ms,DP — C < 0,3 s dam bao xur 1y truc
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tuyén khi chu ky mot lugt quét 1a 10 s (Bdng 3-3).

Vé do phuc tap tinh toan khi tai ting, chi phi xir 1y ctia giai phap gdm ba thanh
phan c6 quy luat ting khac nhau. Giai doan 1 va lira chon bip song thuc hién trén tirng
6 cu ly - phwong vi, nén chi phi ting tuyén tinh theo s6 6 phan giai va khéng phu thudc
s6 muc tiéu. Phan cum HDBSCAN c6 d6 phuc tap O(N?) theo thuét toan gbe [89],
nhung N chi 13 s6 diém tmg vién vuot ngudng giai doan 1 chir khong phai toan bo 6
phan giai, va khau nay chi chay mot 1an sau mdi 6 vong quét. Giai doan 2 tai mdi 6 chi
1a phép so sanh v6i ngudng cuc bo di tinh trude. Nho do, thoi gian xir 1y ctia khdi DP-
C duéi 0,3 s so v6i chu ky quét 10 s, twong tng quy thoi gian du trit trén 30 lan. Vé
kha nang dap trng thoi gian thue & quy mo 16n, phuong phép da dugce cai dat va khai
thac trén cac tram ra-da ven bién. O ché do van hanh thudng xuyén, dai quan 1y trung
binh 500600 muc tiéu, cao diém t&i 1.000 muc tiéu; trong thir nghi¢ém tai véi 4.000
muc tiéu dé)ng thoi tai phong thi nghiém, hé théng van hoat dong on dinh.

3.3.2 Két qud ting SNR bang kj thudt da bip séng
0 T T T T T T T T

- Beam elevation 0.6 degree
Beam elevation 2.0 degree

80 100 120 140 160 180

Range-Km

Hinh 3-8. Céong suat nhiéu twong ng véi hai bip séng phat & goc ta 0,6° va 2,0°
Hinh 3-8 trinh bay cong suat nhidu trung binh trén hai bip séng phat goc ta 0,6°

va 2,0°, cho thay ba ving dic trung phan anh tinh khong ddng nhat cia nén nhiéu. O
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vung gan duéi 10 km: cong suat nhidu tang rat nhanh do phan xa manh tir viing cin
ra-da, dat dinh khoang —25 dBm trén bup 0,6° va —30 dBm trén biip 2,0°. Trong vung
10-80 km, vung nhiéu dia vat chi dao: bup 0,6° dao dong trong khoang —25 dén —65
dBm, trong khi bap 2,0° chi trong khoang —35 dén —75 dBm. Tir 80 km tré di, hai
duong hoi tu vé cing mac nhidu nén =~ —78 dBm, nhiéu dja vat suy giam va nhidu
nhiét cua bo thu tro thanh thanh phan chu dao. Két qua khang dinh nén nhiéu trong
ra-da canh gigi 3D khong tuan theo phan bd thong ké duy nhat phu hop véi mé hinh
nhiéu hdn hop tai Myuc 3.2.2; dong thoi chénh 1éch 10 dB giita hai bup song truc tiép
tao co so Vat 1y cho co ché lya chon bup song t6i wu theo Myc 3.1.3.

H¢ qua truc tiép la SNR muc tiéu dugc nang cao dang ké khi Iya chon bup song tdi
uu theo Muc 3.1.3. Tai cy ly 70 km, SNR cuia muc ti€u trén bip song goc ta 0,6° chi dat
10 dB, trong khi trén bip séng goc ta 2,0° dat t6i 18 dB, chénh 1éch 8 dB. Két qua nay
truc tiép nang cao hiéu nang phat hién & giai doan CFAR dau tién (Hinh 3-9).

£ o Vi ’gW?w’#}r = ] “H '! ﬁ&
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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 ng Vi bup song & cac goc ta khac nhau
Két qua tai Muc 3.3.2 duoc phan tich tir tin hiéu thu trong cac chuyén bay muc
tiéu thr nghiém thuc té véi may bay ATEC 321 Faeta. Theo quy dinh vé quan Iy viing
troi, cac chuyén bay nay phai dugc cap phép va chi dugc thuc hién theo dudng bay
d3 dinh sén, do d6 khong thé t6 chirc bay phu kin ving quan sat 0-360° dé thu thap

s0 li¢u thong ké trén toan mién. Vi vay, muc cai thién 8 dB 1a gia tri do dugc trén
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duong bay thir nghiém, dai dién cho ving nhiu dia vat 10-80 km trén hudng bay
nay, khong phai muc cai thién trung binh trén toan khong gian quan sat. Tu 80 km
tré di, cong sudt nhiu trén hai bip hoi tu vé cung mirc nén (Hink 3-8), nén mirc cai
thién SNR nho lya chon biip séng khong c6 nhiéu cai thién; v6i cau hinh mang hodc
khoang cach goc giita cac bup khac, murc cai thién can dugc xac dinh lai.

3.3.3 Két qud phdt hién muc tiéu véi CFAR hai giai doan

a. Két qua CFAR giai doan 1

Do ngudng giai doan 1 duoc thiét 1ap theo gia thiét nhidu Gauss, cac bao dong 1am
Xuat hién & cac ving nhidu c6 PDF khéac phan bd chuan (Hink 3-10). Dé xit Iy cac bao dong
1am nay, cac plot duoc phan cum bang thudt toan HDBSCAN. Vong quét dau tién ding cho

phéan cum; sau d6 ctr mdi phut (twong dwong 6 vong quét) cac ving nhiéu dugce kiém tra va

cap nhat. Cac viing nhiéu x4c dinh dugc hién thi du6i dang da giéc trong Hinh 3-10.

Hinh 3-10. Két qua CFAR giai doan 1: muc tiéu thir nghiém (vong tron tring) va bao
dong 1Am do nhiéu (da giac)

Viée sir dung HDBSCAN gitip giam sb tham s can thiét 14p so véi cac thudt toan

phéan cum dua trén mat do truyén thong nhu DBSCAN. Thuét toan khong yéu cau ban kinh

1an can ¢b dinh ma tu x4c dinh mat do theo céu trac phan cép cua dir liu, nén thich nghi
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duoc véi cac ving nhiéu c6 mét do bao dong 1am khac nhau trong ciing mot vong quét. Hai
tham s6 con lai co ¥ nghia vat Iy truc tiép. Kich thudc cum ti thiéu xéc dinh quy mé nho
nhét ciia mot ving duogc coi 13 ving nhidu cuc bo. S6 lang giéng xac dinh mat do 151 quy
dinh mrc tp trung bao dong 1am can thiét dé hinh thanh ving. Céc bao dong 1am don 1¢,
phan tan khong du mét do duoc gitt nguyén két qua phat hién giai doan 1, véi x4c suét béo
dong 1Am bi gioi han boi Py, = 107, Hai tham ) nay dugc lya chon theo mat do bao dong
1Am trén mot vong quét va kich thude ving nhidu nho nhat can khoanh viing ctia dai. Vé kha
nang thich nghi theo thoi gian, cac viing nhiéu dugc cip nhat sau mdi 6 vong quét, nén
ngudng cuc by bam theo duoc cac bién d6i ctia nén nhiéu co thang thot gian dai hon mot
phiit. Cac bién dong nhanh hon duoc hap thy & lan cap nhat ké tiép; trong khoang thoi gian
gitta hai 1an cap nhét, ngudng giai doan 1 van duy tri mirc kiém soat bao dong 1am co s& cho
toan vung quan sat.

b. Uéc hwgng PDF nhiéu cho tirng viing
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Hinh 3-11. PDF ciia muc tiéu (dwong d6) va nhiéu (dwong den) wée lwong

bing phuong phap Bernstein (nét lién) va phuong phap moment (nét diit) bac n = 4
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Hinh 3-12. PDF ciia muc tiéu (dwong d6) va nhiéu (dwong den) wée lwong
bing phwong phap Bernstein (nét lién) va phwong phap moment (nét dirt) bac n =6

Vé6i mdi vung nhidu, PDF dugc ude lwong bang Thudt todn 2 (Bang 3-2). Két
qué tai Hinh 3-11 va Hinh 3-12 so sanh hai phuong phap x4p Xi trén cting mot tap di
liéu do va véi cling mot bac da thire: histogram mau den biéu dién phan bd cong suat
nhidu trong viing nhiéu chira muc tiéu thir nghiém (tap trung trong dai —90 dén —65
dBm, dinh tai = —75 dBm), con histogram mau do biéu dién phan b cong suat caa muc
tiéu (dai —65 dén —35 dBm, dinh tai = —55 dBm). Tinh chét tich phan bang 1 cia ham
mat d6 xac sudt duoc bao dam bing budc chuan hoa duong xap xi trén doan [a, b]
(Budc 5, Muc 3.2.3), khong phu thudc vao tinh chin I¢ ciia bac da thic; bac n = 6 duoc
lya chon vi vira dii bao ham cac mé-men quan trong nhat caa phan bd gom ky vong,
phuong sai, 6 1éch va 6 nhon, dong thoi tranh hién twong xap xi qua khép véi dit liu
khi sur dung bac cao hon.

Trén Hinh 3-11 va Hinh 3-12, dudng nét lién 1a xap xi bang da thic Bernstein
va nét dut 13 xap xi bang phwong phap moment (bdc n = 4 (Hinh 3-11) va véin = 6
(Hinh 3-12)). C6 thé quan sat rd hai diém:

(1) Buong Bernstein bam sat dinh va do rong histogram, khong tao gia tri am
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hodc dao dong bién;
(2) Puong moment dao dong manh ¢ hai bién, xuat hién cac gia tri Am tai ving ~
—95 dBm; ~ —50 dBm va~ —28 dBm trén phan bd nhiu. Hién twong nay dic trung cho
xap xi da thirc truc giao khi bac hitu han, 1am sai 1éch viéc tinh xac suit vuot ngudng.
Do d6, luan an lua chon xap xi Bernstein bac n = 6 (vira dap ung dugc yéu cau
va khong bi qua khop véi dir lieu) véi pr, = 0,1 cho moi vung nhiéu, va ngudng

duoc tinh theo (3.18).

C. Thiét Idp nguwong CFAR giai doan 2
Hinh 3-13 minh hoa ngudng phat hién x4c dinh tir phan b Bernstein véi ps, =

0,1 cho ving nhiéu chira muc tiéu thir nghiém.
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Hinh 3-13. Nguong CFAR giai doan 2 cho
vung nhiéu chira muc tiéu thir nghiém (= —61 dBm)
Ngudng nam tai =~ —61 dBm, 14 gia tri ma phan dién tich phia phai ngudng duéi duong
cong phan bd nhidu (mau den) ding bang 0,1. Vi tri ngudng nay tach biét rd hai phan
bd: phan I6n phan bd nhidu ndm bén trai ngudng (bi loai bo), trong khi phan Ién phan

bd muc tiéu nam bén phai (duoc gir lai). Ving chong lap gitra hai phan bd trong khoang
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—68 dBm dén —58 dBm 1a nguyén nhan sinh ra mét ty 1& nho bao dong 1am va bo sot
muc tiéu, song muc chong Iap nho hon dang ké so voi trudng hop ding ngudng toan

cuc CA-CFAR vén duoc tinh cho gia thiét nhidu Gauss dong nhat.

d. Két qud CFAR giai doan 2

Sau khi 4p dung CFAR giai doan 2 cho toan bd ving quan sat (Hinkh 3-14), s6 bao
dong 1am giam hon 90% so véi CA-CFAR giai doan 1, trong khi muyc tiéu thir nghiém
van dugc duy tri vdi SNR on dinh. Két qua nay xac nhan hai gia tri thuc tién cua hudng
tiép can dé xuat: thir nhat, viéc udc luong PDF riéng cho tirng ving nhiéu bang da thic
Bernstein cho phép thich &ng tot véi nhiéu dang phan bd khac nhau; thir hai, ngudng
CFAR duoc thiét 1ap cuc bo theo dic tinh thong ké thuc cia timg ving thay vi ngudng

toan cuc, dim bao duy tri Py, 6n dinh trong méi trudng nhidu khong ddng nhat.

Hinh 3-14. Két qua sau CFAR giai doan 2, muc tiéu thir nghiém

trong vong tron tring
3.3.4 So sanh vdi cac phwong phdp khac
Dé danh gia hiéu qua cua phuong phap dé xuat, NCS tién hanh so sanh truc tiép
v6i cac giai phap phat hién muc tiéu da duoc cong bb:
a. So sanh véi cdc thudt toan CFAR phé bién hién nay
Céc thuat toan CFAR pho bién hién nay gom: OS-CFAR, SOCA-CFAR, GOCA-
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CFAR, VI-CFAR va PI-CFAR. Nam thuat toan nay duoc ap dung tai giai doan CFAR
thir nhat va khong sir dung giai doan thir hai, nham bao dam tinh twong duong trong
diéu kién dbi ching. Toan bd thir nghiém duoc thuc hién cing mire xac suit bao dong
lAm Prq = 1073; cac tham sd ngudng cu thé ctia hai phuong phap thich nghi duogc thiét
lap nhu sau: VI-CFAR st dung Ky,; = 5,3 va Kz = 2,1; PI-CFAR st dung Tp; = 3
va Tz = 1,5. Hiéu nang cua cac thuat toan dugc danh gia theo bo ba chi tiéu: (1) Py,.:
xéc suat phat hién muc tiéu trong vung nhiéu, dinh nghia bang ty sb giita s6 bdo céo
muc tiéu nhan duoc va tong sd lugt quét dng-ten thuc hién trong ving nhiéu; (2) Fryc:
s6 bao cao muc tiéu gia trung binh trong ving nhiéu trén mdi lugt quét ang-ten; (3)
TD,.: ty 18 rét quy dao trong ving nhidu. TD,. = 1 néu quy dao bi rét khi muc tiéu
di chuyén vao ving nhiéu, nguoc lai TD,, = 0.

Két qua thtr nghi€m tryc quan cua tirng thuat toan dugc minh hoa lan luot trong
céc Hinh 3-15 dén Hinh 3-19, trong d6 vi tri myc tiéu duoc danh déu bang vong tron

trang dé thuan tién quan sat.

Hinh 3-15. Két qua thir nghiém véi OS-CFAR - muc tiéu trong vong tron tring
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Hinh 3-17. Két qua thir nghiém véi GOCA-CFAR



Hinh 3-19. Két qua thir nghiém véi PI-CFAR
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Bang 3-4. So sanh phuong phap dé xuat véi cac thuit toin CFAR truyén thong

Tham s6
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Tham s6 | D& xuat CA OS | SOCA |GOCA | VI PI
Py, 0,86 042 | 023 | 014 | 032 | 026 | 0,26
Frre 7 65 31 53 52 56 74
TD,. 0 1 1 1 1 1 1

Phan tich s6 lidu tir két qua tong hop Bang 3-4 cho thay ba xu hudng noi bat
phan anh wu thé cua phuong phap dé xuét:

(1) Vé xac suat phat hién trong ving nhiéu P,.: Phuong phap dé xuat dat
muc 0,86, vuot troi dang ké so v6i sau thuat toan doi ching. Trong d6, CA-CFAR dat
cao nhat vi 0,42, con SOCA-CFAR thap nhat véi 0,14. Mitc cai thién dao dong trong
khodng tir 2 1an (so v&i CA) dén 6,1 1an (so voi SOCA), phan dnh kha nang phat hién
muc ti€u ro rét vuot trdi cia phuong phap dé xuat khi nén nhiéu manh.

(2) Vé s0 bao cao muc tiéu gia Fy,c: Phuong phap dé xuat chi tao trung binh 7
bao dong l1am trén mdi lugt quét ang-ten, trong khi cac thuat toan dbi ching tao tir 31
bao dong (OS) dén 74 bao cio (PI), twong dwong muc giam tir 4,4 1an dén 10,6 lan.
Két qua nay cho thiy viéc nang cao xac suit phat hién khong phai danh ddi bang viéc
gia ting s6 bo cao gia; nguoc lai, phuong phap dé xut cai thién dong thoi trén ca hai
mat, von 13 hai chi tiéu thudng mau thuin nhau trong cac thuat toan CFAR c6 dién.

(3) Vé ty 1¢ rét quy dao TDrc : Chi tiéu duoc xem 1a quan trong nhét trong bai
toan bam sat muc tiéu trong méi truong nhidu. Phuong phap dé xuat dat TD,, = 0,
quy dao muc tiéu dugc duy tri lién tuc xuyén subt qua trinh myc tiéu di chuyén trong
vung nhiéu. Nguoc lai, ca sdu thuat toan CFAR dbi ching déu c6 TD,. = 1, tic quy
dao muc ti€u bi rot ngay khi muc ti€u vira di vao vung nhiéu.

Téng hop ba chi tiéu néu trén c6 thé khang dinh: phuong phap dé xuat khong
chi vuot troi vé kha ning phat hién muc tiéu trong ving nhidu ma con duy tri dugc
tinh lién tuc cua quy dao muc tiéu trong toan bd ving nhidu. Két qua ma tit ca sau
thuat toan CFAR d6i chimg déu khong dat dugc trong ciing kich ban thir nghiém.

b. So sanh voi phwong phdp hoc may

Phuong phap dé xuat duoc so sanh véi hudng tiép can hoc may ciia Perd’och va
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cong su (2024) [90]. Trong kich ban thir nghiém cua luan an, SNR muc ti€u chi dat
khoang 10 dB (Hinh 3-9); vdi cung diéu kién SNR va Pr, = 0,1, phuong phap [90]
cho P, = 0,6 (theo Hinkh 19 va 22 trong [90]) thap hon 13 rét so v6i Py, = 0,86 cua
phuong phap dé xuat. Uu thé ndy cang dang cha y vi phuong phap dé xuét khong can
huén luyén trén tap dit liéu 16n va khong phu thudc vao gia dinh trudc vé phan bd
nhiu, pht hop vé6i diéu kién van hanh thuc té noi dic tinh nhidu thay dbi lién tuc
theo khong gian va thoi gian.

Bén canh viéc danh gia kha nang phat hién muc ti€u, cac dir liéu thuc nghiém
con dugc st dung dé xac minh hiéu nang theo doi nang cao. Trong do, thudt toan
Adaptive IMM trong bai bao “An Adaptive IMM for Tracking Maneuvering Target
with High Variability of Environment” cia NCS cing cac cong su dugc trién khai dé
udc luong vi tri va van tdc cuia muc tiéu sau khi phat hién thong qua CFAR hai giai
doan. Song song vdi do, nghién ciru mo rdng kha nang phat hién muc ti€u trong moi
truong da muyc ti€u dugc trinh bay trong bai bao “Ambiguity Resolution for Ground-
Based Pulse-Doppler Radars Using Multiple Medium PRF” cua NCS ciling dugc ap
dung. Phuong phap nay st dung tiép can thich nghi dé giai quyét dong thoi hién twong
mu cu ly-van tdc va loai bd muc tiéu 4o trén ma tran hai chiéu cu ly-van tdc. Co ché
loc phan cum va xir 1y cong sut sau dop-le giup ting do tin cay phat hién, giam phat
hién gia va nang cao chat luong tong thé cua hé théng. Két qua tir cac phép do thuc
nghiém cho thdy, so v6i thuat toan IMM truyén thong, do chinh xéc vi tri ting khoang
38% va do chinh xac van tdc ting khoang 28%, minh ching rd rang loi ich cua viée
tich hop cac thong tin bo sung trong qu4 trinh theo ddi véi ngudng CFAR thich nghi.
Diéu nay khing dinh tinh kha thi cia mé hinh CFAR hai giai doan trong (mg dung
thuc té, dong thoi mé ra hudng phat trién cac thuat toan xir Iy thich nghi, da bup séng
v6i nang lyc tinh toan t61 wu hoa cho cac hé théng ra-da canh gidi hién dai.

Ddng chii y: phuong phap dé xuat ciing cac két qua nghién ciru néu trén da dugc
NCS cong b trong cong trinh "Improving Aerial Target Detection for 3D Radar
Based on Two-Stage CFAR Method with Adaptive Clutter Distribution Estimation™.

Nbi dung nghién ctru nay ctia NCS ciing cac cong sy da duge xuat ban chinh thirc
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trén tap chi Frontiers in Signal Processing (2025, DOI: 10.3389/1rsip.2025.1688944).

KET LUAN CHUONG

Trén co sé bai toan thtr ba di xac 1ap tai Chuong 1, Chuong 3 di dé xuét va
kiém chtng giai phap xir 1y nhidu hdn hop cho ra-da xung canh gidi tim xa, gdm hai
thanh phan bd sung cho nhau 1a xir Iy da bup soéng ning cao SNR va phat hién thich
nghi CFAR hai giai doan, trong ing v&i Pong gép 3 cua luan an.

Vé giai phap da bup séng, co s vat 1y cua phuong phéap 13 tinh khong dong
nhat ctia nén nhidu theo goc ta: cong suat nhidu chénh léch téi khoang 10 dB giira hai
bup song phat & goc ta khac nhau trong ving nhiéu dia vat, trong khi tin hiéu muc
tiéu suy giam khong dang ké. Chénh léch nay cho phép nang cao SNR chi bang co
ché lya chon bup séng, khong can ting cong suit phat hay thay doi phan cing. Thuc
nghiém tai cu ly 70 km cho thay SNR ctia muc tiéu tang tir 10 dB 1én 18 dB, tuong
g murc cai thién khoang 8 dB, truc tiép nang cao hiéu ning phat hién ¢ giai doan
CFAR thir nhat. Két qua nay gin voi cau hinh dai va 16p muc tiéu da thtr nghiém; do
hiéu qua lya chon bap phu thudc sé lugng va khoang cach goc gitra cac bup, véi cdu
hinh mang khic murc cai thién can duoc xac dinh lai. Ngoai ra, dai c6 vung quan sat
0-360° v&i tam hoat dong 360 km, trong khi dudng bay ctia may bay thir nghiém phai
tuan thu pham vi bay dugc cap phép, nén muc cai thién 8 dB 1a gia tri do dugc trén
vung cu ly va goc ta twong img vdi duong bay thir nghiém, khong phai mirc cai thién
trung binh trén toan khong gian quan sat.

Vé giai phap CFAR hai giai doan, luan 4n khic phuc han ché cbt 16i cua CA-
CFAR la 4p mot ngudng theo gia thiét nhiéu Gauss dong nhat cho toan ving quan sét.
Giai doan thir nhat phat hién ing vién bang ngudng toan cuc (mg voi Pr,=107, sau do
phan cum céc bao dong 1am bang HDBSCAN dé khoanh viing nhiéu cuc bd va cap
nhat dinh ky theo chu ky quét. Giai doan thir hai uéc lugng ham mat dd xac sut riéng
cho timg ving va thiét 1ap ngudng cuc bd véi Prq= 0,1, mirc bdo dam P, > 0,8 theo
yéu cau dbi v6i ra-da quén su; trong khau ndy, x4p xi Bernstein bac n = 6 bam st phan
b thue nghiém nén duoc dung dé xay dung toan bo ngudng, con phuong phap moment

dao dong & hai bién va sinh gia tri am nén chi dong vai tro doi ching.
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Két qua kiém ching cho thay sé bao dong 1am giam hon 90% so véi CA-CFAR
trong khi xac suat phat hién van duy tri theo yéu cau. So voi sau thuat toan CFAR dbi
chtng trong cung kich ban, phwong phap dé xuat dat xac sudt phat hién trong ving
nhiéu 0,86, cao hon 2 + 6,1 1an, sd bao cdo muc tiéu gia giam 4,4 + 10,6 lan, va ty 1€
rét qui dao bang 0 trong khi ca sau thuat toan doi ching déu rét quy dao ngay khi
muc tiéu vao vung nhidu. So véi phuong phap hoc may di cong bd, & cing mirc SNR
khoang 10 dB, phuong phap dé xuat dat xac suat phat hién 0,86 so véi 0,6, dong thoi
khong can hudn luyén trén tap dit liéu 16n va khong phu thudc gia thiét phan bd nhiu
cho trude.

Céc két qua thu duoc cho thay phuong phap dé xuat phu hop dé ap dung trong
cac hé théng ra-da hoat dong trong mdi trudng nhiéu phire tap, dic biét trong cac

truong hop nén nhidu khong déng nhét va bién thién theo khong gian-thoi gian.
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KET LUAN VA HUONG PHAT TRIEN LUAN AN

Lu4n 4n nghién ctu cac giai phap xtr Iy nhidu nhdm nang cao kha ning phat
hién va d6 chinh xéac cta hé théng ra-da phan giai cao trong méi truong tin hiéu phirc
tap. Luan diém xuyén sudt 1a mdi dang nhidu can duoc xir Iy tai dung ting ma né phat
sinh: nhidu pha do tin hiéu ro dugc xir Iy & tang phan ctng cao tan, nhidu roi rac tir
cac ddi twong chuyén dong duoc xir Iy ¢ ting didc trung, con nhidu hdn hop khong
xac dinh trudc phan bod duoc xtr Iy ¢ ting ngudng phat hién thich nghi. Pay ciing 1a
Iy do luan 4n trién khai trén hai nhom hé théng khac nhau 1 ra-da FMCW giam sat
tam thap va ra-da xung canh gidi tim xa, vi dic trung nhiéu ciia méi nhom doi hoi
mot hudng can thiép riéng. Trén co sd phan tich co ché hinh thanh nhiéu, xay dyng
mo hinh toan hoc, mé phéng va thir nghiém thuc té, luan an da dat duoc ba dong gop
khoa hoc sau.

Pong gop thir nhat: dé xuat giai phap giam nhiéu pha cho ra-da FMCW théng
qua cau trac mang ang-ten khe 6ng dan song co kiém soat biic xa, xé khe trén thanh
hep, két hop ludi loc phan cyc va mdt mé loa t6i wu. Diém méi vé phuong phap luan
13 quy yéu cau bao dam chét luong phat hién vé mot chi tiéu dinh lwong duy nhat ddi
v6i phan cimg, sau d6 tach co ché ro phat-thu thanh hai dudng truyén doc lap dé kiém
soat bang hai tham s hinh hoc riéng. Cau truc dé xuat dat hé s6 cach ly phat-thu 85
dB theo do thuc nghi€m trén toan dai lam viéc, vuot gia tri yéu cau, qua do6 cai thién
d6 6n dinh do cu ly va véan tdc. Két qua gin voi cau hinh phat-thu dong phang, phan
cuc tuyén tinh trong dai tan X va bo chi tiéu chién thuat ky thuat cua dai da nghién
cuu; khi thay doi 16p muyc tiéu, dai tan hodc phan cuc, quy trinh xac dinh tham sb can
duogc thuc hién lai.

Pong gop thir hai: dé xuat giai phap giam nhidu roi rac va phan loai drone trong
ra-da FMCW dua trén dic trung vi dp-le két hop hé quy tic phan cip Top Model.
Nguyén 1y clia giai phap 1a phdi hop hai ddc trung c6 ving hiéu lyc b trir nhau theo
cu ly, gdbm dic trung phan tan dép-le sinh tir canh quat drone va dic trung quy dao

chuyén dong d6i chiéu ban d6 giao thong, nhd d6 mo rong tam phan loai ma khong
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tang d6 phurc tap phan cimg. Thir nghiém trén dai ra-da thyc loai bé 97% nhiéu rdi rac,
phéan loai chinh xac 100% s6 drone & cu ly t61 3,5 km, tam phan loai cai thi¢n 1,6 + 3,2
lan tuy kich ban bay so véi ra-da Elvira. Két qua dugc kiém ching véi drone DJI
Phantom 4 cau hinh bén canh quat, tai khu vuc da c6 dit liéu ban d6 s6, trong diéu kién
thoi tiét tot; voi cac 16p muyc tiéu khac, dic biét 1a may bay canh bang khong sinh phd
vi d6p-le tir canh quat, hé thdng chwa dugc thir nghiém nén chwa c6 sb lidu danh gia.

Pong gop thir ba: dé xuat giai phap da bup song két hgp CFAR hai giai doan
thich nghi trén nén nhiéu hdn hop cho ra-da xung, trong d6 phan b nhiéu phi Gauss
ctia timg vung duoc udc lugng bang da thirc Bernstein dé xac dinh ngudng phat hién
cuc b, thay cho ngudng toan cuc theo gia thiét nhiéu Gauss déng nhat. Thir nghiém
trén ra-da canh gigi 3D cho thdy SNR tiang khoang 8 dB tai cu ly 70 km, s bao dong
1am giam hon 90% so v6i CA-CFAR trong khi xac suat phat hién van duy tri theo
yéu cau, xac suat phat hién trong ving nhiéu dat 0,86 so v6i 0,14 + 0,42 clia sau thuat
toan CFAR dbi chtng, va quy dao muc tiéu dugc duy tri lién tuc trong ving nhiéu,
diéu ma ca sau thuat toan doi chimg déu khong dat duoc. Két qua gin véi cau hinh
bup séng va nén nhidu dja vat cia dia ban thir nghiém; do dai c6 ving quan sat 0—
360° trong khi dudng bay thir nghiém phai tuan thu pham vi bay dugc cap phép, mirc
cai thién 8 dB 1a gia tri dai dién cho vung cu ly va goc ta tuong irng, khong phai murc
cai thién trung binh trén toan khong gian quan sat.

Ba dong gop trén khong doc 1ap ma tao thanh mot chudi gidi phap co quan hé
nhan qua. Viéc nang cao hé sd cach ly dng-ten ha thip san nhidu pha, nhd d6 cac dic
trung ddp-le va vi dop-le méi du tuong phan dé khai thac, nén Pong gop thir nhét 1a
diéu kién can dé Pong gop thir hai dat dugc tAm phén loai da cong bd. Toan bo cac
giai phap déu dugc tich hop va kiém chimg trén cac dai ra-da phan giai cao do trong
nuéc nghién ciru, ché tao va dang van hanh, duoc cong bd trong hai bai bao thudc
danh muc ISI/SCOPUS, bdn bio céo hoi nghi quéc té va mot sang ché trong nudc,
g6p phan tu cht cong nghé ra-da.

Céc hwéng nghién ciru tiép theo

Huéng thir nhit: tiép tuc nghién ciru bao dam do 6n dinh pha giita cdc phan tir
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phat-thu trong hé théng FMCW nham han ché sai 1éch bup séng va nang cao do chinh
xéac do dac, dong thoi cai tién cac thanh phan phan cimg then chdt nhu bo tron, dao
d6ng noi va khuéch dai cong suat dé dong bo pha va ting do tin ciy cua hé thong.

Huéng thir hai: mo rong tap dir liéu huan luyén va kiém ching cho bai toan
tach nhidu va nhan dang muc tiéu, bao gém nhiéu murc nhidu, nhiéu chung loai drone
va cac vat thé bay d& giy nham 13n véi drone. Trong d6, viéc phan biét drone véi
chim can duoc uu tién do hai ddi twong nay c6 dic trung phan xa va chuyén dong gan
nhau. Song song, nghién ctru g dung hoc may va hoc sau dé khai thac sau hon dic
trung vi d6p-le, nang cao hiéu qua phan biét muc tiéu trong méi trudng phirc tap.

Huwéng thir ba: hoan thién co ché cung céap dir liéu ban d6 s6 cho mo hinh phan
tich quy dao, theo hudng tu dong thu thap va cap nhat mang ludi duong tai vi tri dat
dai, nham giam phuy thudc vao thao tic bo sung thu cong cia trac tha khi trién khai
tai khu vuc chua co dir liéu ban d6 day du.

Huéng thir tw: mé rong thir nghiém trén nhiéu cau hinh ra-da va nhiéu diéu
kién dia hinh khac nhau, g@)m trén bién, trén dao va dia hinh phtc tap, dé danh gia
kha ning thich tmg cta cac giai phap. Pong thoi danh gia d6 phirc tap tinh toan khi
trién khai trén hé théng thuc, lam ré xu hudng tang chi phi xir Iy khi s6 diém tGng
vién, sd vung nhiéu hodc sd muc tiéu tang, qua d6 xac dinh gidi han tai ma hé théng

con duy tri dugc yéu cau thoi gian thyec.
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