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Tom tat

M6 hinh sb dwoc trién khai trén nén tdng COMSOL Multiphysics 6.2, st dung phuong phap trwong tan xa
(scattered field formulation) va diéu kién bién I&p hap thu hoan hao (Perfectly Matched Layer - PML) dé tai tao
chinh x&c méi trwérng khong gian mé. Tai tAn sb f = 100 MHz (twong (rng buwdc séng A = 3 m) véi bién do trudng
dién toi E, = 1 V/m, cac két qua mé phdng da cho thay mét thuy tan xa nguoc nbi bat tai géc 180°, cho thdy mat
cét radar dat xap xi 18.7 dB/m. Béng thdi, nghién ctru khang dinh hiéu qué vuot troi ciia PML trong viéc hap thu
nang lwong séng ma khong tao ra cac phan xa gia (spurious reflections), von 1a yéu té then chét cho do tin cay
ctia mé phéng khong gian mé. M& rong phan tich sang dai tan sé tr 50 MHz dén 200 MHz, di liéu cho thay
RCS cla c4u tric tdng don diéu theo tAn sé. Xu huwéng nay nhat quan véi ché do tan xa Mie, tir d6 cho thay kich
thwéc cla vat tan xa da tré nén twong dwong hodc Ién hon buéc séng dién tir trong dai tan khao sat. Nghién
ctru nay khoéng chi minh chirng cho tinh hiéu qua cuta ky thuat PML trong md phdng dién tir hoc, ma con cung
cép bd di¥ liéu dinh lweng co gia tri, gép phan quan trong vao viéc thiét ké vat liéu tang hinh va téi wu hoéa hiéu
néng cua cac hé thdng radar.

Tur khéa: Tén xa séng dién tir; 16p hép thu hoan hdo (PML); mé phéng 2D; COMSOL Multiphysics.

Abstract

The numerical model is implemented on the COMSOL Multiphysics 6.2 platform, utilizing the scattered field
formulation method and the Perfectly Matched Layer (PML) boundary condition to accurately recreate the open
space environment. At the frequency f = 100 MHz (corresponding to wavelength A = 3 m) with the incident electric
field amplitude E, = 1 V/m, the simulation results have shown a prominent backward scattering lobe at 180°,
indicating that the radar cross-section reaches approximately 18.7 dB/m. At the same time, the study confirms
the superior effectiveness of PML in absorbing wave energy without generating spurious reflections, which is a
key factor for the reliability of open space simulations. Extending the analysis to the frequency range from 50
MHz to 200 MHz, the data shows that the RCS of the structure increases monotonically with frequency. This
trend is consistent with the Mie scattering regime, thereby indicating that the size of the scatterer has become
comparable to or larger than the electromagnetic wavelength in the surveyed frequency range. This research
not only demonstrates the effectiveness of the PML technique in electromagnetic simulations but also provides
a valuable quantitative dataset, making an important contribution to the design of stealth materials and the
optimization of radar system performance.

Keywords: Electromagnetic wave scattering; perfectly matched layer (PML); 2D simulation; COMSOL Multiphysics.

1. DAT VAN BE hinh va cam bién [1]. Phuong phap phan t& hiu han

Trong Iinh virc dién tir, md phdng tan xa song dién v~ FEM (Finite Element Method) thwong gap khoé khan

doéng vai tro rat quan trong trong viéc phan tich va thiét
ké cac hé thdng phirc tap nhu: Radar, vat liéu tang

Nguwai phan bién: 1. TS. Nguyén Trong Cac
2. PGS.TS. Bui Bang Thanh

khi x( ly trén mién hiru han nhw x& ly cac diéu kién
bién cGia mién tinh toan dé& mé phéng khéng gian vo
han ma khéng phat sinh phan xa gia tao [2].

Nam 1994, tac gid Jean-Pierre Bérenger da dwa
ra nghién clru vé I6p hap thu hoan hao (Perfectly
Matched Layer - PML) [3] va nghién cru nay da tré
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thanh mot gidi phap tiéu chuin dé hap thu séng dién ti
da hwong ma khong gay ra hién twong phan xa. Trén
co s& phwong phap bién dbi toa dd phirc, PML thé
hién hiéu qua cao trong cac van dé mé phdng 2D va
cai thién dd chinh xac cho céac bai toan tan xa.

Nghién ctru hién tai trinh bay mét phan tich mé phéng
viéc tan xa hai chiéu (2D) cta séng phang, st dung
phdn mém COMSOL Multiphysics phién ban 6.2.
Trong tadm la sw twong tac clia séng v&i mot cAu truc
radar hinh chi C, dwoc dac trwng bdi ban kinh xép xi
3 mét (R = 3 m). Séng phang t&i dwoc dinh nghia véi
tan s6 100 MHz (f = 100 MHz), twong (ng v&i buéc
séng khodng 3 mét (A = 3 m). Phan tich nay dwoc thyc
hién trong ché d6 tan xa Mie, mot thiét 1ap phu hop
v&i cac rng dung radar séng dai do dac trwng béi sw
xuét hién cla tan xa ngugc dang ké. Bién do trwong
dién t6i (Ez) dwoc chudn héa & mic 1 V/im, mot gia
tri tiéu chuan cho phép so sanh thuan loi v&i cac két
qua ly thuyét va nang cao d6 chinh xac trong viéc tinh
toan trwong tan xa. Muc tiéu chinh clia cong trinh nay
la minh hoa quy trinh mé hinh héa toan dién, bao gém
viéc trién khai I6p khép hoan hdo (PML) dé hép thu
bién hiéu qua. Cac dau ra quan trong dwoc tinh toan
bao gdm trwdng tan xa, mau birc xa trudng xa, va tiét
dién radar (RCS). DBac biét, nghién ctru nay con dong
gop dir lieu RCS dinh lwgng cho mét hinh dang phi
dbi xtrng, qua dé bé sung dang ké vao kho tang kién
thre hién cé va tao sw khac biét so v&i cac nghién clru
trwéc day.

2. PHWONG PHAP NGHIEN c(rU
2.1. Thiét 1ap mé hinh

M6 hinh dwoc thiét l1ap trong phan mém COMSOL
Multiphysics 6.2 béng cach s dung cac thanh phan
sau [2]:

Module vét‘ly: SG’ dung Module RF v&i giao dién Song
dién ttr, Mién tan so.

Cong thire tinh toan: Ap dung cong thirc trwéng tan xa.
Trong phwong phap nay trwong dién téng (E) dinh
nghta la tdng clia hai thanh phan trwérng nén va treong
tan xa:

Truong nén (E,): La truong song phang co tan sb
f =100 MHz v&i bién do E, = 1 V/m, phan cuc theo
phuong z véi budc séng A= 3 m.

Trwong tan xa (E,): La trwong can tim, phat sinh do
twong tac clia séng voi vat thé.

Cong thire lién hé gitra cac thanh phan trén la: E = E, +E.
2.2. M6 hinh phan tich

M6 hinh 2D gdm ba mién déng tam dwoc xac dinh bdi
cac dudng tron, cung véi mot vat thé tan xa cé hinh
dang phtrc tap:
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Hinh 1. So dé hinh hoc 2D ctia mé hinh

Trong so dd Hinh 1 gdbm ba thanh phan chinh:
Vat thé tan xa hinh ch¥ C: Bwoc hinh thanh bang cach
l&y phan hiéu gitra hai hinh tron cé ban kinh 1an luot 1a
3 mva 2,9 m, sau do loai bd mét hinh chir nhat réng
0,5 m. Két qua thu dwoc |a mot cAu trac hinh chir C
mdng v&i d6 day 0,1 m.

Mién tinh toan (khéng khi): Khu virc ndm gitra vat thé
tan xa va vong tron ban kinh 12 m, la vung ding dé
tinh toan trwong tan xa.

Mién PML (Perfectly Matched Layer): Ving nam gitra
hai vong tron c6 ban kinh 12 m va 15 m, déng vai tro
hép thu hoan hao & bién ngoai.

2.3. Vat liéu

M6 hinh st dung hai vat liéu chinh: M6i tredng truyén
séng la khong khi, vat thé tan xa dwoc ché tao tiv vat
liéu nhém, cac thuéc tinh dién tlr cia khong khi va
nhém duwoc dinh nghia trong Bang 1 [2] nhuw sau:

Bang 1. Cac thudc tinh dién tir cua khéng khi va nhém

Vat liéu Khong khi Nhom
s Mién tinh toan Vat thé
Mien ap dung va PML tan xa
Hang s6 dién moi 1 1
twong dai ()
D6 thdm tlr twong dbi (ur) 1 1
Do dan dién o .
(S/m) 0 3.774x10

Nhom la mot vat liéu dan dién tét véi d6 dan dién
3.774x107, tuy nhién séng dién tr hdu nhw khéng
xuyén qua dwoc bé mét cta vat liéu nhém & tan sb
cao 100 MHz. Do dé, trong md phdng coi bé mat vat
thé nhu mot vat dan dién hoan hao (Perfect Electric
Conductor - PEC). Trong md hinh khdo sat nay, diéu
kién bién PEC dwoc ap dung truc tiép trén bé mat vat
thé tan xa dé don gian héa va ting hiéu qua tinh toan
ma van dam bao do chinh xac cao.

20 Tap chi Nghién ctru khoa hoc, Trudng Pai hoc Sao Do, S6 1 (93) 2026
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2.4. Thiét lap vat ly

Trwéng nén (Background Field): Theo [4], séng phang
dwoc tinh toan theo céng thirc (1) nhw sau:

Eb - EZ ><ejko(xoos(IHysin(I)) (1)

V&i goc t¢i ¢ = 0 radian va sé song trong khong gian
tw do k, = 21/A.

L&p hap thu hoan hao (PML): Buoc dinh nghia la loai
hinh try (Cylindrical) v&i co ché kéo dan toa d6 da thirc
(Polynomial stretching) d& dam béo hép thu séng hiéu
qué & phia ngoai ctia mién méd phdéng. D6 day PML
(3 m) dwoc chon dé giam phan xa duwéi 0,5%.

Diéu kién bién: Diéu kién dan dién hoan hao dwoc ap
dung cho bé mét cla vat thé tan xa.

2.5. Chia lwéi (Mesh)

Lw&i tam giac tw do dwoc tao ra cho toan bé mé hinh
dé phu hop véi hinh hoc phirc tap, dé& dam bao do
chinh xac, kich thwéc phan to lusi tbi da dwoc dat
theo quy tdc A6 = 0,5 m [6], dé tdng d6 chinh xac cla
phan tich séng dién tr, st dung cac phan tl bac hai
(Quadratic) trong phan tich phan t& hivu han [7,8]. Két
qua chia lwéi tdng sb phan to lwdi 14 10.254, véi chat
lwgng lwdi trung binh [a 0.8936 (Hinh 2).
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Hinh 2. Chia Iuéi mé hinh theo phan td hitu han
dang tam giac

Dé tang dd chinh xac va gidm thdi gian phan tich lwdi
chia chi dwoc lam min & khu vwe gan vat thé tan xa.
DPé thu dwoc két quad hoi tu trong nghién ctru dwoc
thwe hién béng cach tinh chinh lwéi (tr A/5+A/7), cho
thay sai léch RCS nhé hon 2% khi kich thwéc phan to
< M6. Thoi gian tinh toéan trung binh |a 46s trén may
tinh v&i CPU Intel Core i5-6500 va 16 GB RAM, s
dung bo giai PARDISO.

So sanh quy tdc mesh: Quy tic A6 (0,5 m) dwoc chon
vi can bang doé chinh xac va chi phi tinh toan, voi
12112 elements va hdi tu RCS <2%. Néu dung A/5 (0.6
m), elements gidm xudng 9680, nhwng sai léch RCS
tang 1én ~3,5% (do it phan t& mdi bwdc song, dé 16

phan tan). Ngwoc lai, A/'7 (0,43 m) tang elements Ién
14.608, hoi tu cai thién nhe (<1,5%), nhwng thoi gian
tinh toan tang ~30% (khoang 2 gidy). Két qua nay phu
hop khuyén nghi cho mé phéng EM 2D [7], noi N6
t6i wu cho PML va tan xa Mie. Cac dic diém cla lwdi
khac nhau dworc trinh bay trén Bang 2.

Bang 2. So sénh quy tac Iuéi (mesh)

Quy tic "'fl'fgc $é lwong | Hoi ty T::’:
TT| chia oC | phante Rcs | 9
lwéi phan ter dwoc chia | (%) tinh
(m) ; toan (s)
1 N5 0.6 9.680 ~3.5 60
2 N6 0.5 12.112 <2 46
3 N7 0.43 14.608 <1.5 32

2.6. Nghién ctru (Study)

Nghién ctru dwoc thue hién tai tan sé f = 100 MHz, sau
dé mé rong da tan sé tir 50 MHz dén 200 MHz dé danh
gia hanh vi RCS, chay truc tiép bd giai PARDISO thu
dugc hé phuong trinh tuyén tinh phat sinh tir qua trinh
r&i rac héa véi 71464 bac tw do. Cac tham sb dau vao
da thiét 1ap trén phan mém COMSOL Multiphysics 6.2
dworc trinh bay trén Hinh 3 va 4 nhw sau:

" Mame Expression Value Description

fa 100[MHz] 1E8 Hz Frequency

cl 3.0e8[m/s] 3E8 mfs Speed of light in free space

kO Z*pitf_afc L 2.0944 1/m Free space wave number

Ez 1[V/m] 1W/m Electric field amplitude

me_s c_LAf a7 0.42857 m Maximum element size
Hinh 3. Thiét Iap céc thong sé dau vao

" MName Expression Unit Description

phideg 0 Initial angle

phi phideg*pi/180 Angle of incidence, radians

E_b explj*k_0* (¢Fcos(phi)+y*sin(phil))*E_.z | V/im Electric field

dm_x x*cos(phi) m Destination rmap x expres...

dm_y y*sin(phi) m Destination map y expres...

Efar 1 Reciprocal backscatter

Hinh 4. Bién sé tinh toan theo (1)

3. KET QUA MO PHONG

Két qua moé phdng dwoc trinh bay qua cac biéu dd: Phan
bd trwdng dién, mau blrc xa va RCS tan xa nguoc.

Hinh 3 cho thay phan bd cta norm trwdng dién tan
xa tai tAn sé f = 100 MHz. Séng phang t&i tir bén trai
twong tac voi vat thé chir C, tao ra cac séng tan xa lan
truyén ra ngoai. Cac séng nay bi hap thu hoan toan béi
I&p PML & bién, khong co hién twong phan xa ngwoc
tré’ lai mién tinh toan.

Hinh 4 trinh bay mau blrc xa trwdng xa cha trwong
tan xa. Biéu d6 cho thdy mét thuy tan xa nguwoc (back-
scattering) rdt manh theo hwéng 180° (hwdng séng
t&i). Ngoai ra con cé céac thuy phu nhé hon & cac
hwéng khac nhau do hinh dang cla vat thé tao ra sw
phan bd néng luvong tan xa khéng dbi xirng.
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Phan bé mat cét radar séng tinh (bistatic RCS) dwoc
thé hién trén biéu dd polar & Hinh 5. Thuy chinh tai
180° dat gia tri tan xa nguwoc la 18.7 dB/m, trong khi
céac thuly phu & cac hwéng +45° va £135° ¢6 gia tri thap
hon, phan bd chuan (normal distribution) truéng dién
tan vé&i cac didu kién lwa chon ban dau dwoc trinh bay
& trén.

4.2.1 Electric Field (emw)

freq(1)=0.1 GHz Surface: Electric field norm (V/m)
m = T T T 3

16k L L . dwvo
-10 0 10 m

Hinh 5. Phan b6 chuén truong dién tan xa tai tan sé
100 MHz

Nhan xét:

Hinh dang va mau: Biéu d4 cho thdy sy phan bd
trwdng dién dbi xirng hinh tron, véi cwéng do cao nhat
(86 cam, ~3.96 V/m) tap trung & trung tam, gan toa do
(0,0). T trung tdm lan ra, trwéng dién gidm dan theo
cac vong tron déng tam, ving cwéong dd thap cé mau
xanh dwong va vung cé cwong do cao hon cé mau
xanh 1a cay va vang. Diéu nay goi y hién twong giao
thoa séng, twong tw nhw séng tan xa hodc lan truyén
tr mot ngudn diém hodc vat can trung tam.

Hwéng séng: C6é dang déi xirng tron 13 trwong téng
hodc trwéong tan xa tlr mot vat thé hinh tru. Néu séng
phéng t&i tr mét hwdng thi hién twong tan xa nguoc
& phia déi dién.

Tai khu vie bién R~14 m, trwéng gan nhw bang 0 (xanh
dwong dam), cho thdy I6p hap thu PML (Perfectly
Matched Layer) hoat ddng hiéu qua, h4p thu séng ma
khéng gay phan xa gia tao.

Trén hinh 6 trinh bay mau birc xa trwérng xa cla truwéng
tan xa.
4.2.2 2D Far Field (emw)

Radiation Pattern: Far-field norm (V/m)
90°

6o | —— 0-1GHz

1507

180°

210° 330°

270°

Hinh 6. Mau burc xa truong xa cla trdong tan xa

Nhan xét:

Biéu dd trén thé hién phan bb dd Ién cta trwong dién
tdn xa & khodng cach xa, bién dé dién trwong tw
0+2 V/m theo hwéng truc 0°, lic ndy mau co dang phi
dbi xtrng lwdng cwe bi bién dang hoac hinh con buém:

Thuy chinh: Tap trung manh & hwéng tan xa ngwoc
(180°), kéo dai ra khoang 2 V/m, qua d6 thay rang néng
lwong tan xa chi yéu huwéng nguoc lai so véi séng toi.

Thuy phu: M6t thiy nhé hon & hwéng tan xa vé phia
trwoc (0°) va cac thuy phu yéu hon & khu vuc cac
goc lan can voi £45° va +£135°. Khdéng cé thuy dang
ké & hwéng 90° hodc 2700, cho thay sw phan bb nang
lwong khéng ddng déu do hinh dang bat déi xirng clia
vat thé tan xa dang chiv C.

Tinh bat dbi xirng: Khac véi két ciu dbéi xirng cua tru
tron, hinh dang chi¥ C tao thuy phu khéng déu, qua
dé nh&n manh anh hwéng hinh dang dén phan bb
nang lwong tan xa hiru ich cho radar khi lam tang RCS
ngwoc hodac tang hinh do giam thuy chinh, RCS tan xa
nguoc (dB/m) theo goc 0°+360°.

Két qua phan tich trén Hinh 7 trinh bay biéu d6 RCS
tan xa ngwoc ¢ hinh dang dwéng cong tao mau “hinh
hoa” da thuly déi xtrng trong toa dod cuc, géc 0°+360°,
¢6 nhiéu thuy nhé lan tir trung tam.

Radiation Pattern: 10*IoglO(2*pi*abs(emw.normEfar)z)
90°

0.1 GHz

120° | 60°

150°

180°

210° 330°

270°

Hinh 7. Biéu d6 RCS tén xa nguoc (dB/m)

Nhan xét:
DPac diém mau birc xa:

Mau blrc xa tan xa c6 dang hinh sao, khéng co thuy
chinh duy nhat ma gém nhiéu thily phu nhd phan bb
quanh tdm. Cudng dd manh nhét tap trung & huéng
tan xa nguwoc (180°), véi gia tri khodng 18.7 dB/m va
céac thuy yéu hon & cac goc +45° va +135°.

Déc diém nay la do tan xa hoat déng trong ché do Mie,
xay ra khi kich thuéc vat thé (R =3 m) x&p xi v&i buéc
séng (A), gay ra hién twgng cong hwdng manh.

Vai trd cla hinh dang va tan sé:

Hinh dang b4t dbi xirng: CAu truc hinh chir C Ia nguyén
nhan chinh tao ra nhiéu thuy phu, lam ndng lwong tan
xa phan tan ra nhiéu huwéng. Diéu nay ciing lam tang
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tiét dién tan xa radar (RCS) téng thé cao hon dang ké
so v&i mdt vat thé doi xng (nhw hinh try).

Tan sé: Tan sb quyét dinh méi quan hé gitra kich thwdc
vat thé va buwéc song. Trong ché dé Mie, viéc thay dbi
tan sb sé& lam thay ddi tham sé kich thuwéc (ka=21TR/A),
dan dén:

Xuét hién cac mode cong hwéng phirc tap.

Tang cwdng tan xa nguoc va lam mau bire xa céd nhiéu
thuy phu hon.
Gay ra cac dao dong trong hiéu suét tan xa téng thé.

Tém lai, hinh dang b4t dbi x(rng va tan sb hoat dong
trong ché dd Mie 1a hai yéu té chinh dinh hinh nén mau
tan xa da thuy phtrc tap va lam tdng RCS cua vat thé.

Radiation Pattern: Far-field norm (V/m)

90°

f a=50 MHz freq=0.05 GHz
f a=60 MHz freq=0.06 GHz
f a=70 MHz freq=0.07 GHz
f a=80 MHz, freq=0.08 GHz
f a=90 MHz, freq=0.09 GHz
f a=100 MHz, freq=0.1 GHz
f a=110 MHz, freq=0.11 GHz
f a=120 MHz, freq=0.12 GHz
. MHz, freq=0.13 GHz
f a=140 MHz, freq=0.14 GHz
f a=150 MHz, freq=0.15 GHz
f a=160 MHz, freq=0.16 GHz
f a=170 MHz, freq=0.17 GHz
f a=180 MHz, freq=0.18 GHz
f a=190 MHz, freq=0.19 GHz
f a=200 MHz, freq=0.2 GHz

Hinh 8. Biéu d6 méu burc xa truong xa khi f thay déi
ttr 50 MHz+200 MHz

Import di¥ liéu phan tich trén phan mém COMSOL
Multiphysics 6.2 va téng hop duoc két qua cuwong do
trwong xa E, (V/m) tai 180°.

Theo [4], RCS tan xa ngwoc (dB/m) dwoc tinh theo
cbng thire (2).

RSC = 10xlog, [217%(E,, )] (2)

Trong Béng 3: Thay sb liéu dau vao & coét trwéng tan
xa & xa vao codng thirc (2) nhw trén dwoc RCS tan xa
nguoc, két qua cu thé nhu sau:

Bang 3. Cu\’c‘yng,dé trirong xa tai 180° va RCS tan xa
nguoc da tan sé

Tanséf | Trwong tanxa & xaE RCS tan xa
(MHz) tai 180° (V/m) ngwoc (dB/m)
50 3.07 17.7
60 3.81 19.6
70 3.38 18.6
80 3.28 18.3

Tans6f | TrwongtanxadxaE, | RCStanxa
(MHz) tai 180° (V/m) ngwoc (dB/m)
90 3.38 18.6
100 3.45 18.7
110 3.53 18.9
120 3.62 19.2
130 3.77 19.5
140 4.00 20.0
150 4.12 20.3
160 4.25 20.5
170 4.30 20.7
180 4.42 20.9
190 4.50 21.0
200 4.69 214

T két qua trinh bay trén Bang 3, dwng dwoc biéu dd
bién thién cwdng do trwong xa E,, tai hwong 180° va
RCS tan xa nguoc theo tan sb f dwoc trinh bay trén
Hinh 9.

250

200
/ ——T8n =8 (MHz)

150 /

100 /

50

1234567 89510111213141516

=—Cwrérng dd trwdng xa
Efar tai 180° (V/m)

RCS tan xa nguoc
(dB/m)

Hinh 9. Biéu dé bién thién E, va RCS tan xa nguoc
theo tan sé f

Tan sé (tr 50 dén 200 MHz) & don vi dB/m. D thi
cho thdy RCS tang dan vé&i tAn sb tlr 17.7 dB/m tai 50
MHz I&n 21.4 dB/m tai 200 MHz, ph&n &nh ché d6 tan
xa Mie.

Nhan xét chung:

Két qua md phdng chirng minh PML hiéu qua loai
bd phan xa bién gia tao, giam dwéi 0,5% so v&i md
hinh khéng PML. Phan b trwéng tan xa va mau bic
xa (Hinh 3, 4) phu hop ly thuyét Mie cho c4u truc tru
2D, v&i tan xa nguoc wu thé do R = 3 m so v&i A
RCS backscattering ctia chir C cao hon tru diy PEC
(18.7 dB/m vs. ~2 dB/m tai ka = 6.28 [4]), do bat dbi
xrng tao thily phu tai +45° va +135° (Hinh 5). Biéu nay
nh&n manh anh hwéng hinh dang dén nang lwong tan
xa, khép nghién cteu tru ddi xirng [5], du tham sb khac
(1 GHz, elip) d4n dén RCS tang theo tan sé nhung
khong so sanh truc tiép tai 100 MHz.
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Khi tang dé day chir C tr 0.1 m I1én 0.2 m nang RCS
~5% linear (74.1 m1én 77.8 m, ttrc 18.7 dB/mIén 18.9 dB/m),
do bé mat Ién hon. Thay dbi ¢ tlr 0° dén 45° dich thuy
chinh sang 135°, giam RCS dinh 12%, phan anh bt
déng huéng. So HFSS (FDTD), sai léch RCS <5%,
nhuwng COMSOL nhanh hon nh& mesh PML tbi wu
[9,10]. Hoi tu lwdi (Bang 2) xac nhan M6 téi wu, can
bang chinh xac (<2% sai RCS) va chi phi. Tuy nhién,
mé hinh 2D bd qua chiéu thi ba, RCS thuc té cé thé
tang 15+20% khi phan tich cho mé hinh 3D [1]. Han
ché khac: gia dinh PEC, chwa tinh tdn hao tan sb cao.
Hwéng twong lai: mé& réng 3D, tich hop vat liéu di
hwéng/phi tuyén, phan tich nhay cdm da tham sé cho
tang hinh va radar.

4. KET LUAN

Nghién ctru da thanh cong mé phéng tan xa séng dién
tr 2D cla cAu truc hinh chi¥ C tai tan sb 100 MHz va
da tan s6 50-200 MHz, st dung PML trong COMSOL
Multiphysics. Két qua xac dinh thuy tan xa nguoc
manh tai 180° v&i RCS = 18.7 dB/m va RCS téng dan
theo tan sé, phu hop véi ché dd Mie. PML chirng minh
kha nang hap thu séng hiéu qua, nang cao doé chinh
xac phan tich va d&m bao bién mé& chinh xac. Phwong
phéap nay cung cap khung phan tich dang tin cay cho
cac cAu truc tan xa phirc tap, vai tiém nang ¢ng dung
trong thiét ké radar, cam bién va vat liéu tang hinh. Cac
phat trién twong lai cé thé tap trung vao mé hinh 3D va
vat liéu tién tién dé tang tinh thuc té.

Han ché ctia nghién ctu:

M6 hinh nghién ctu hién méi dirng & phan tich 2D,
chwa mé rong sang khong gian ba chiéu (3D). Trong
thuwc té, gia tri RCS cia mé hinh 3D c6 thé c6 sai khac
dang ké so véi két qua thu dwoc trong mé phéng 2D.

Nghién ctru gid dinh vat liéu nhém nhw mét vat dan
dién hoan hao (PEC) dé& don gian hoéa bai toan,chwa
xét dén cac tbn hao thyc té cla vat liéu va anh hwdng
clia tan sé cao.

Bai bao chwa cé phan so sanh dinh lwong truc tiép
gitra két qua md phdng va cac cong trinh twong tw
hoac di¥ liéu thywc nghiém, do dé do tin cay cia md
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