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TOM TAT

Bai bdo nay nghién ciru anh hwéng ciia do tré tinh todn trong hé thong radar Frequency-
modulated continuous wave (FMCW) lén dg chinh xdc cia ngoi né can dich hoat déng ¢ téc do cao.
Khi vin toc twong doi lom, do tré xir Iy gay ra sai so khoang cach dang ke Trong bai bao nay, nhom
tac gia xdy dung mé hinh tinh todn sai s6 va dé xuat gidi phap bii tré diea trén vin toc dw dodn.
Théng qua mé phong Monte Carlo, chimg minh rdng sai sé binh phirong trung binh cia khodang
cach khi khong bl tré tang tuyén tinh theo vin toc, trong khi giai phap bu tré dé xudt cé thé giam
thiéu sai s6 nay toi hon 90%, duy tri do chinh xdac gan véi gidi han nhiéu do hm’ng Nghién cu“u nay
cung cdp co s6 quan trong cho viéc thiét ké thudt todn thoi gian thwc cho ngoi né can dich toc dg
cao.

Tir khéa: FMCW Radar; Ngoi né cdin dich; Bé tré tinh todn; Bii tré; Sai s6 binh phirong
trung binh, Udc luong vin toc.

ABSTRACT

This paper investigates the impact of computational latency (processing delay) in Frequency-
Modulated Continuous Wave (FMCW) radar systems on the accuracy of high-velocity proximity
fuzes. When the relative velocity is high, the processing delay introduces a significant ranging error.
In this study, the authors develop an error calculation model and propose a velocity-based predictive
compensation scheme. Through Monte Carlo simulations, it is demonstrated that the Root Mean
Square Error (RMSE) of the range when uncompensated increases linearly with velocity, while the
proposed compensation solution can mitigate this error by over 90%, maintaining accuracy close to
the measurement noise limit. This research provides an essential foundation for designing real-time
algorithms for high-speed proximity fuzes.

Keywords: FMCW Radar, Proximity Fuze; Computational Latency; Delay Compensation,
Root Mean Square Error, Velocity Estimation.
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1. GIOI THIEU

Ngoi nd can dich (Proximity Fuze) la
thanh phan then chdt trong cac hé thong vii khi
hién dai, yéu cau kich nd chinh xéac khi dat dén
mot khodng cach an toan (R, ) so vi myc tiéu
[1, 3,4, 8].

Radar loai FMCW duoc uu tién sir dung
trong cac ngodi nd do kha nang do do phan giai
khoang cach cao (AR = ¢/(2B)) va cung cap
dong thoi thong s6 van tdc [6, 7]. Tuy nhién,
trong cac hé théng vii khi toc do cao, do tré
thoi gian can thiét cho viéc thu thap dir liéu,
giai didu ché va xir 1y thuat toan (Fast Fourier
Transform - FFT, do im muc tiéu) din dén 4o
tré tinh toan T .. [3]. Céc trang thiét bi thudc
céc hé thong lap trén tén lra hodc trén cac loai
dan tc do cao, thudong phai dép tmg cac yéu
cau phan u’ng cuc nhanh vi do tré tinh toan
(T0e) la nguon gay sai s6 khoang cach dang ké.
Neéu khong bu tré, khoang cach R o duoc
tra vé 1a cta thoi diém t roe TUOC do, dan dén
sai léch khoang cach AR'= AL proc . Sai 1éch nay
¢6 thé khién vat thé kich nd qua som hodc qua
muon, lam giam dang ké hiéu qua chién dau.

Trong nghién ctru nay, nhom tac gia tap
trung phéan tich dinh lugng méi quan hé giira
van toc twong ddi (v) va sai s6 binh phuong
khoang cach (RMSE) khi khong c6 bu tré. Tur
d6, nhom dé xuit giai phap bu tré bang viéc
xdy dung md hinh todn hoc cho giai phap bu
tré dya trén van toc dy doan. Trén co sé mod
hinh toan di xay dung, tién hanh danh gia hiéu
qua giam thiéu RMSE giﬁa hé théng khong bu
tré va hé théng co bu tré qua mo phong Monte
Carlo. Hudng tiép can niy cung cap giai phap
du doan don gian su dung thong sb van toc ¥,
nhung lai cho hi¢u qua gan tuong duong voi
cac phucmg phap phuc tap hon, ma yéu cau tinh
toan lai thdp hon kha nhiéu. Piéu nay phu hop
cho céc giai doan dau cua qué trinh hinh thanh

gidi phap k¥ thuat, gitip tinh toédn so by thong
s6 mot cach nhanh chong, 1am co so dé dé xuit
cac giai phap phuc tap hon nhu b loc du doan
Kalman Filter (KF) hoac Unscented Kalman
Filter (UKF).

2. CO SO LY THUYET VA MO HINH
TOAN HQC

2.1. Nguyén ly wée lwgng khodang cach va
vén téc bang radar FMCW

Radar FMCW sur dung su khac biét tan
s6 beat (f) gitta tin hi¢u guri va tin hi¢u nhan dé
uoc lugng khoang cach R. Khi muc tiéu c6 van
tc v, tin hiéu nhan con chira tan sé Doppler (f )

[6].

Su dung chudi chirp 1én (f, ) va chirp
xuong (f o) dé tach f vaf [6,7]:

L +
Tan so Range Beat: f, = M
fup o fdown

2

Tur cac gia tri tan sO thu dugc cua radar
FMCW, khoang cach R~ va véan toc udc
measured

lugng v ciia muc tiéu dugc tinh nhu sau:

Tén s6 Doppler: f; =

cT
Rmeasured = E ) fr (D

~ A
V—2fd

2.2. M6 hinh sai s6 do @6 tré va giai phap bu
tré

Trong bai toan ngopi nd, do tré xir 1y roc
(thuong 1a vai ms) 16n hon rat nhiéu so véi thO’l
gian chirp T (thuong la vai ps hoac vai chuc ps).
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Do d6, 16i do muc tiéu di chuyén trong khoang
thoi gian 2T 1a khong déng ké so vai 16i do muc
tiéu di chuyén trong khoang thoi gian T NOI
dung nghién cuiru cua bai bao nay tap trung vao
van dé c6t 16i 1a bu 161 46 tré xir 1y roc , do vay
khoang cach do dugc R ¢0 thé coi tuong

ung voi Vl tri muc tleu R, tai thoi diém T, Vi
tri kich nd mong mubn 1a R  tai thoi dlem T,+

proc’

Sai s6 khoang cach (khong bu): Vi
tri thuc t€ hién tai (R ) so véi vi tri do duoc

(Rmeasured) .

ARuncomp = Ract - Rmeasured =Y Tpmc (2)

Giai phap bu tré du doan: Van téc udc
luong v dugc st dung d¢ du doan sy dich
chuyén trong thoi gian o

R

corrected

= Rmeasured TV Tproc 3)

Sai s da bu: Sai s6 sau khi bu chu yéu
bi chi phdi boi nhidu do ludng va sai sb wéc
luong v.

ARcomp = Ract - Rcorrected (4)
3. PHUONG PHAP MO PHONG VA XU
LY DU LIEU

Trong bai b4do nay, nhom tac gia su
dung moi truong phan mém MATLAB dé thyc
hién mé phong Monte Carlo, danh gia hiéu suat
bang sai s6 binh phuong trung binh (RMSE)
cua khoang cach.

3.1. Thiét 1ap md hinh mé phéng

Céac tham sd dau vao md phong bao
gém: Tham sd vé radar FMCW, tham s6 do tré,
tham s vé nhidu duoc thé hién trong bang 1.

Bdng 1. Céc tham sé dau vao mé phong

TT|  Thamsé Ky | Gid | Don
hi¢u tri vi
1 | Téc do anh sang ¢ |3x10%| m/s
2 | Tan sd trung tim f 77 GHz
3 | Bang thong quét B 500 | MHz
4 | Thoti gian chirp T 100 us
5 | Do tré tinh toan T 5 ms
6 | Vi tri ban dau R, 100 | m
7 ?gll:sué ;: huan noise_, | 10 Hz
3 S6 1an lap Monte N 2000
Carlo

3.2. Quy trinh tinh toan mo6 phéng

Str dung m6 phédng Monte Carlo voi N
= 2000 lan lap dé dam bao tinh thong ké. Van
téc turong doi |v| thay doi trong khoang 50 m/s
dén 500 m/s (md phong kich ban tiép cén toc
dd cao). Bién phu thudc 1a gia tri RMSE cua
khoang cach (R) & mdi trudng hop van tdc.

Quy trinh tinh toan dugc thyc hién theo
cac trinh tu sau:

- Thiét 1ap kich ban thay dbi van toc
tuong ddi |v];

- Xac dinh vi tri thuc té tai TR ;
- Xac dinh vi tri thuc té tai T,+t

R ct :Rz‘x+v'z-proc

- Tinh toan R vaR

measured corrected

proc”®

(trR_va v);
- Tinh sai so:

ARuncomp = Ract B Rmeasured

AR =R .,—R

comp act corrected (5 )

- Tinh RMSE cho tirng trudng hop van <~
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tdc dua trén 2000 lan lap:

(AR,Y’ (6)

1

M=

RMSE = i
N

1l
—_

4. KET QUA VA THAO LUAN

4.1. Xac dinh sai s6 khoang cach co ban do
nhiéu

Sai s6 khoang cach co ban do nhiéu
AR tuwong duong véi nhidu tan s Af = 10 Hz
(noise ) dugc tinh toan bang cach st dung
cong thue (1):

cT
AR=—:"'A
2B 4

V6i cac tham sb da thiét 1ap trong mo
hinh m6 phdéng dugc cho trong bang 1, xac
dinh dugc gia tri AR nhu sau:

(3x108m/s)x(100x10‘6s)

A= 2><(500><106Hz)

X (IOHZ)
AR ~0.003m

AR 1a sai s6 1y thuyét do do phéan giai
tan s6 don thuan, hay con dugc coi 1a muc
nhidu nén vé mat vat 1y (ly thuyét), thuong co
gi4 tri rit nho (nhu tinh toan & trén 1a 3 mm) va
chi mang tinh chit tham khao. Vi trong thuc té,
qua trinh do 14y sb liéu cta radar con chiu anh
hudng cua rat nhiéu yéu td, mot trong sd yéu
t6 quan trong va anh hudng nhat 1a d6 tré tinh
toan (tpmc)’d?m dén cég sai s6 vé khoang f:éch,
dac bi¢t doi voi cac doi tugng muc tiéu toc do
cao.

4.2. Anh hwéng ciia van toc 1én RMSE ciia
khoang cach

Str dung cac tham s6 dau vao trong bang

1 va céac biéu thire tinh toan (1) + (6), xac dinh
dugc gia tri RMSE theo dai toc d chuyén dong
tuong Ung ctia muc tiéu. Hinh 1 minh hoa mdi
quan hé gitta van toc |v| va RMSE cua khoang
cach.

w

—

—+-RMSE Khong Bu Tre
-*RMSE DaBu Tre

/

100 200 300 400 500
Toc do tuong doi |v| (m/s)

L=]

Sai so khoang cach RMSE (m)
N

o

Hinh 1. Anh hudéng cia vin toc dén sai sé khoang
cach do RMSE

’ RMSE chua bu t’ré (RMSE_ _.): Theo
ket qua trén do thi cho thdy RMSE cua hé thong
khong bu tré (RMSEunqomp) tang g?}n nhu tuyén
tinh theo gi4 tri tuyét doi cua van toc |v|. Tai gia
tri van toc [v| = 500 m/s, sai s6 dat ~ 2.5 m. S6
lidu tinh toan di khang dinh d6 tré tinh toan la
yéu to chi phdi sai s6 chinh trong méi truong
tdc do cao.

RMSE da bu tré (RMSE_ ): Puong
RMSE nay duy tri & mtc thap va 6n dinh
(khoang ~ 0.05 m) trén toan bd dai van tdc.
Miic sai s6 nay kha gan véi sai s6 do nhiéu do
hg:c‘mg noise_, va sai s6 do phép udc lwong van
toc |v|.

4.3. Hiéu qua ciia giai phap bu tré

Phan tich cac s6 liéu tinh toan dugc tir
mé hinh toan & trén, sb liéu tinh toan cla céc
truong hop khong bu tré va bu tré theo dai toc
dd khac nhau duge va thé hién trong ba trudng
hop tai Bang 2. Két qua chi ra rang giai phap bu
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tré dya trén van téc du doan c6 thé loai bo gan
nhu hoan toan sai s6 gy ra b(n do tre tinh toan,
dua d6 chinh xac cua ngdi nd vé gan véi gisi
han vat 1y caa cam bién (nhiéu).

Bdng 2. Sai s6 RMSE truwong hop bii tré va khong
bii tré theo vin téc

Tham sb [v|=100 | |v|=250 | [v|=500
m/s m/s m/s
RMSE khong
bu, RMSEuncomp 0.5 1.25 2.5
(m)
RMSE bu,
RMSE,__(m) 0.05 0.05 0.05
Hiéu suét
(Giam % 90 % 96 % 98 %
RMSE)

Hiéu suat vuot troi ciia phuong phap bu
tré trong bai bao nam & tinh don gian, dya trén
cac thong s6 khoang cach va van toc ¥ duoc
cung cap dong thoi boi radar FMCW trong
cing mot chu ky do (théng qua cic tan s range
va doppler). Phuong phép nay dac bi¢t phu hop
v6i cac mo hinh xtr 1y thoi gian thuc, can toe do
xir y nhanh, tra két qua gan dung ngay lap tirc.
Tuy nhién giai phap nay cﬁng ton tai nhfrng
gid1 han nhu gia dinh Troe 1a hing sb. Thu:c té,
T oe €O thé dao dong do tai CPU/DSP, can phai
dugc timestamping chinh xac bang phan cling
tai thoi diém ADC capture. Bén canh d6 giai
phap trong bai ciing chua c6 bd loc trang thai.
Phuong phap hién tai phu hop trong cac truong
hop bu tré tirng mau doc 1ap.

Dé tang cuong do chinh xéac va tin cay,
trong nghién ctru tiép theo, nhom tac gia hudng
to1 tich hop bd loc du doan nhu Kalman Filter
(KF) hoac Unscented Kalman Filter (UKF).
KF st dung R nhu mét phép do du doén
dé tinh chinh trang thai theo d5i b tham s (R,
v) [5, 6]. Dé cai thién udc lugng v, viéc két hop

dr liéu tor IMU (Inertial Measurement Unit) c6
thé cung cap thong tin gia toc dé bu khoang
cach khi do tré 16n [5].

5. KET LUAN

Nghién ctu da danh gia thanh cong
anh hudng cua do tré tlnh toant 1én ngoi )
FMCW, chi ra rang sai s6 khoang cach c6 thé
vugt qua 2 m & van toc cao. Giai phap bu tré
dua trén van toc du doan duge dé xuat da giam
thiéu RMSE cua khoang cach téi hon 90%, cho
phép hé thdng duy tri do chinh xac can thiét
cho quyét dinh kich né. Diéu nay dic biét quan
trong cho viéc trién khai ngoi nd can dich trén
cac nén tang thiét bi chuyén dong véi téc do
can am va siéu am. +
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