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Figure 1 (Color online) (a) The magnetic and electric energy density distribution within 60 mm above the metal plane
at 0.3 GHz and 2 GHz; (b) the permittivity and permeability of the selected magnetic material; (c¢) the behavior of the
thickness-reflection of the selected magnetic material; (d) qualitative representation of the currents and electric field within
the resistive surface under normal incidence and its equivalent circuit model

BEE W, FIFGENE iR W& EF 60 mm W W, Rl W, AT T 075, e A RHE
WRBAR T 7341, 0.3 GHz A1 2 GHz AL A RN 1(a) Fros. Horb, 2 > 0 ACRHBLBN S T7 ),
2 < 0 RN GHEFEKEE. /£ 1(a) |, FEEE AR 60 mm JEH A, 0.3 GHz LI REE %
FERTHRER T R B SRR 10 mm YEHN, 2 GHz AMMITARE RS RN T HIBERE . I, 78
FEAT <5 B AR AL B TBCE W A B O BT T8 i I B AR SR 3t 1 RS T REE.
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TEARARE T B4R (magnetic absorber, MA) 117, SRHTEM ERIMEA R R N 7 FEBE MR T
BT ESER 0.3~2 GHz Yo Bl N ) RGP IORCRs 1, HEYEA L (magnetic material, MM) FI L8 F0OR1 R
SZKE 1(b) Fra~. BRI, I, Fl & 0.3~2 GHz W, B SRz KT 1. MR¥E Rozanov
W PRFAS, K RGBS TF IR EARTE 0.3~2 GHz T8 W42t —10 dB ROFHHRFE, MR AR ) 5 14 )2
FEfs o B R PR, LUk, RATEM R BIRE T 2R A E T 0, v DR HLRETFE T RERE 0. N TR
T A R R S 5 IO 90 3R, AN JEE BE BRI A RLEAT T, ] 1(c) P, S5 RRM, METEA R
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f7F 0.48 GHz A1 1.56 GHz, NSEHL 0.3~2 GHz (KR 58 A SR PESR AL 1 AT RE.
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PAAS 203 2 H b5 SO S8 S oot R B, e, il P Rk it 55 2R AR )y 3 S5 K =
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Figure 2 (Color online) (a) The physical structure and (b) equivalent circuit model of the designed magnetic absorber;
(¢) comparison for reflection coefficients of magnetic material and magnetic absorber; (d) the proposed hybrid absorber

structure and (e) its equivalent circuit model; (f) comparison for reflection coefficients of hybrid absorber, only magnetic
absorber and only compensate layer

T o S AR P R AR R R A SR, 13 B R R SR B TGS L ©1=2.96 DF, R, = 172.84 Q.
R A (2) 1 (3) IHHEARR SRR SE hi= 7 mm, he= 3.7 mm, Ry = 140 Q/sq,
wi= 10.8 mm Fl p =12 mm. H&TIXLELER) SEAE AP 07 L APE P g ST BB S SR, SRAS ILAE
FEENG TR REZ. WE 2(c) "TULEH, B EMUEETE 0.48 GHz A1 1.49 GHz Ab324EH
ANVEPRI N, FF 3 B U0 D8 R AR . 2 LR 3R T 8k N B RGP AR, e R A 25 2ok e A 7R
AU 407 B0 R BBV & 10T, 1E 0.3~0.33 GHz JGE KT —8 dB, 7F 0.33~2 GHz 3B LT
—10 dB, KB INEPE M FR T AT LAY R i B B = R SCR B BT (AT IR I AR (1) SRR 10.7 mm,
A9 B AR AT () e KUK 0.01 5. BEA, 2~18 GHz YU P I 9 2B T —10 dB BAE, JLF
N2 BH T A 5 SRR, R Rt ARl R0 BE A 2 T AT DA S BRI B R R e
.

2.3 REWRERITS 2
R BT AR S A B M2 (compensate layer, CL) 2B BT HIMRB AR N TR & IR (hybrid

absorber, HA). E 2(d) 1 (e) 23 T & 1T FIVR A WA B SR AN S5 R0 B . PMIT YUK FRRFAIE
BHPT Zpprr FIHEKE 6, IRIEZN
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Fort, [Sor| BT 0, FUNIKE & @ AR BH 1E H R I8 R4 476

I ek S 2 L PR R RN B A VR AR A, 1S RIS S R EE S TS C,=0 pF, C3=0.035 pF,

04 0.042 pF, Ry = 0 Q, Ry = 440.82 Q, Ry = 648.2 Q. AR A (2) 1 (3) tHHAZRNR A WA K
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TG N RIS TE 3, ££ 0.33~18 GHz WIS & T 82%. @1l 3(b) Fiw, X T 60° JaHE AR
BHI TM 3%, 76 0.33~18 GHz WIIMRICR T 90%. 45 REH, Bt B B | fAe e T ks s
Wl 3(c) Frow, AR A TR I 2SR AR IR, T B 1T (IR 38 Ak B AT R A (P B A A SRR
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TR AR B 1) B 22 m] DUR S A B TR B =S [IBHGTTH 55 Y, 08630 (14) P xHE



R 5 R

Absorptivity (%) Absorptivity (%)\
(a) 60 100 (b) 60 | 100
50 50 | 30
< 40 = 40
2 2 ‘ 60
h Th
) )
s 30 s 30
5 5
=] =] | 40
£ 20 £ 20 |
10 10 ‘ 20
0 6 9 12 15 18 0 0 3 6 9 12 15 18 0
Frequency (GHz) Frequency (GHz)
Absorptivity (%)
© 100 (d - - -z, forS,=5dB —— Z,forHA
‘ —-=-Z,for|S,[=10dB —* - Z for MA
80
2t
2 ‘ 60 1
g
g NS
< ‘ 40 =0
2 o
-1
20
‘ VV ) _2 |
0 0 3 6 9 12 15 18 0
\ Frequency (GHz)

B 3 (MLKhRFE) (a) TE RUEM (b) TM RUKMNG FREBRFHRBRHELR; (c) TEMRLABET
RATURFHIRRGAELER; (d)MA 5 HA B AMBR
Figure 3 (Color online) Absorption simulation results of the hybrid absorber under oblique incidence for (a) TE

polarization and (b) TM polarization; (c) absorption simulation results of the hybrid absorber at various polarization
angles; (d) input impedance of MA and HA

EIYEEES JHA_ 7
_ in 40
Su] = ‘—Z£A+ %, (15)
TR A AR F 5 N EPT AT LR IR A
Bl (17) WAL (16), HXPLECE 7, #E— 2 S0 LS 3 — A5 7 R
2
R2, — X2 4 270 Ry 20l FL 2 (17)

1S11)* — 1

BB ORT (-2, (|sn|2 + 1) / (|sn|2 - 1) 0), 8 7 = Zoy/(ISul+ D?/(1Su] - 1) - 1.

Bl 3(d) 30T A F) SR 2 E00 VA — A S A\ BB S ARG . G ARSI H b SO 28, B4 N
BELATC PRSI R0 R 250 A7 T A LA BRI . T3t R S WA, Ry, A1 X, IME L2800 T
|S11] = —10 dB FEPTE A, SE8ALE TAEH %6 N B R iR FH IR,

R T RN AT IR S R AR P FEN L A B AR A R A A B O, 5 T 0.42, 1.53, 4.85 Al
14.55 GHz A1 D) 384508 % FE AN R 1 D 24 FE % B2, L 4(a)~(d) AT, AP BHEARATRT & 40 e
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Figure 4 (Color online) (a)~(d) Power loss distribution and (e)~(h) surface power loss distribution at 0.42, 1.53, 4.85,
and 14.55 GHz

SRR R SRR ), ARSI IR RSO 1 B SR PR FE AL TR 7ERE T AL R MM AT MM2 H AR 0
AR e BIFEE DA B 2R E MM2. G0 4(e)~(h) Fiw, BLYER I B pifE ERRE D RIS
HEVEM. 7E 0.42 GHz F1 1.53 GHz &b, IR ATEREVEM L B PER T RS1 SR HERE AR, & T4
EHRRBATER I RS2 A1 RS3. XF T 4.85 GHz M1 14.55 GHz, #ME (I L IR (LA B4R, = T
RNAEREPER L BRI 25 AR B, WA A Jo3 45 A8 R BEL T 36 17 194 P BEL 453 iR S IR0 % v 4t
R I A W M e

AR, 0 AR AR A & AR BE S A0 o5 LL AT e B i, W0l 5(a) Fias. 7E 0.3~2 GHz Y6
W, BEYERPRE MM A MM2 S FHMER T RS1 P [F) SEEUAHR A B FRURG RE B[ 40FE. 76 2~18 GHz YulH
P, BEPERDRLRIRM2 J2 B PR 2R T W (R S8 T g e e (4R, a0 5(b)~(e) Fom, a1t T 0.42, 1.53,
4.85 F1 14.55 GHz A& FPRHR AL AE B I00RE 5 bL, HE— 2D Ui BE S AR Z 18193 IR AL, 7E 0.42 GHz
Ab, FHPERTH RS1 HIREEMFE S T FHUAL, 5 HEZ) 70.4%, BEMEA RS ST 26.3%. 1E 1.53 GHz 4b, 7
PEMPRLBE EPFE S (5 LLA 76.9%, FHPERT RS A 18.8%. 7E 4.85 GHz Ab, R EMiFE R BAEHTE
WA R MM2, (5 290 66.4%, *MZ 2 I BHPE R T Be 2 40FE LLBI 2058 30.1%. 1E 14.55 GHz 4b, #M2
JZ (R PELE 2 T RE AT |5 2 S, B EEA N 82.3%, BEMERTEL MM2 [IREEIRAE S LA 17.5%.
L5 DA AFE RN R T T 2 450FE L S S AR B A0 o LU T, 45 SRR BAREPE ST R B #E AN B R THI T PR
BEA53FE PRI ] B0 [R] 2 S IRARCATURE B8 5 W 1) A 28 V.

3 MEENRSITR
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Figure 5 (Color online) (a) Proportion of energy loss of each kind of material in the absorber in operating band;
(b) distribution of material in the absorber; proportion of energy loss of each kind of material in the absorber at
(c) 0.42 GHz, (d) 1.53 GHz, (e) 4.85 GHz, (f) 14.55 GHz

/N T PS5 T R AT AR 1A PO 52 T TT DA A T, BT IE R AR B 5 Dy LOXBFT-2Y, % B MR TR A\ PR
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Figure 6 (Color online) (a) The photography of far field test setup and the fabricated sample; reflection coefficients of
the designed HA under the oblique incidence for (b) TE polarization and (¢) TM polarization
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Figure 7 (Color online) Comparison of the designed absorber with other reported absorbers. (a) Relative thickness and
fractional bandwidth; (b) initial and cutoff frequency
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A low-frequency ultra-wideband absorber based on multi-
mechanism collaborative design
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Abstract Aiming at the demand of low-frequency wideband electromagnetic absorption for stealth targets,
a multi-mechanism synergistic method is proposed to design low-frequency ultra-wideband absorbers in the P-
Ku bands by combining the loss characteristics of magnetic materials and resistive surfaces and combining the
equivalent circuit model and genetic algorithm to fast perform impedance matching and parameter optimization.
In this paper, we theoretically analyze the mechanism of magnetic materials in reducing the thickness of the
absorber and enhancing the low-frequency absorbing performance to achieve good absorbing characteristics in
P-L bands via the synergistic design of magnetic materials and resistive surfaces. Further, the absorption in
S-Ku bands is compensated by using multi-layer resistive surface cascade structure to design ultra-wideband
absorber within P-Ku bands. The designed low-frequency ultra-wideband absorber with a thickness of only
0.027X\1 (AL is the wavelength at the lowest frequency) can realize at least —8 dB and —10 dB reflection loss
within 0.3~0.33 GHz and 0.33~18 GHz. In addition, the absorber has large angular stability and maintains
good absorption performance under the oblique incidence for TE polarization and TM polarization. Finally, the
proposed absorber was manufactured and tested. The results show that it owns low-frequency ultra-wideband
absorption and wide-angle stability characteristics.

Keywords multi-mechanism collaborative design, magnetic material, resistive surface, low-frequency ultra-
wideband, metamaterial absorber
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