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LA =7C Fibonacci #E i IS5 4 (1] — 4E S5 B 1 H0O6 TR AR B, 78 R G0 TEA R4 17 51 e A 50D %
SR T A BURFVE AR R L, S T — R R — SR MO T ARG R, TR TT AL T L
FHEESCHR T A5 46, 12485 K S BT B (R BRI, HB T ek, &7 Moe 7 R 9E s we. B4k, i
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S a2 B BRI A BRI, 24 LRI U
HIAER AL T 6T B (photonic bandgap, PBG) I,
RLRE B B AR A . R T I, D6 T ik O AE
S E N N S G e VN AT BRI & e
[N B0l 25— A PBG fEAT A0 N5 i1 B 5 A el
P ANBE G W R B AT ZE AR, WX A 1) PBG AR
4771 PBG (omnidirectional photonic bandgap,
OPBG). HA7 OPBG H# 1 K6 T b M AE 4 5 7 ;)¢
4% (omnidirectional reflector, ODR)). iz« [F] 4
V3 S 7 A B (081 R Sl el AR AT

— % % ¥ & 1K (one-dimensional photonic
crystal, 1DPC) & A [&] 4 5 2 (0 /v Joi £ — 4 77 [7)
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TZI7E9 K OPBG A KK R . 1 —
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K, WHIEHA K 5 B AR RE ) NV S SR 4544
({1 IDPC LAk OPBG % i 25201, ix F B4 45
Thue-Morse #E J& 3 f1 Fibonacci #E & # 45 # 55, iX
PR S HE JE 25 4 R A 02 90 4% 40 ¥ Thue-
Morse F Fibonacci J5 817 HEF. S840 T A 145
oy, VSRS ORI FE A6 T AR BE (SR A 45H) 4
B BT AR S AR AR, AT
e A 5 N6 d R, iR JLHE R, B
T HAR G ERE, Je 7 S IAREER A SIS b
#2432 V. AH H HT e A 1) — 45 B AR
¥ fm & (one-dimensional plasma photonic crystal,
IDPPC) £ X =Ju4itt, BT HIARA ik,
DRI S5 A 2 (J2HE 2, sk [25, 26] 5371
144 J2H1254 2), OPBG % i A #5i3k— 4
(AR (25, 26] 439008 2.473 GHz F15.88 GHz).
AR 3L LA B i 5 1) — G Fibonaced #E J& # 45 1)
IDPPC NX %, 15 RS A A W46 7 51 K JH 3
% G MG dn A BRURE R B R AL B A T
— MF U 1DPPC 454, Hl T4 K OPBG, 4
7R ES . AR R R, AL
RS (28N 12 2, HIE T 04
), OPBG T8 £ ¥ 38 (7.8 GHz). LAk, REEITIET
E U SORT ALY A R A A R e
AT NH Y ODR B iR fit s BiR 4R .

2 = A

AR SCWEFC P 6 1DPPC, 4% JZ [8]3% Fibonacci
JFFANLLF,, = Fp_1F,_o BB C RS, Horb
Hin > 2; Fo MF NPIEETFH. 5 EEM okl
3 LA AR P Row, o A LA AR P
NEEE TRMEL Bl Fo = AP, F; = P, I
Fy = F1Fy = PAP, F5 = F,F; = PAPP, LIt
. B 1 N1Z =M Fibonacci 1 & #A 45 F4~ = A.

1 WEHEFH Fo = AP, F; = P &, =) Fibonacci
HER DG T iR S MR e

Fig. 1. Schematic diagram of a third order Fibonacci
quasi-periodic PC with Fo = AP, F; = P.

SR TR A W R0 2 Drude SR, TT
RRN
ep =1 —wp/(w* —juew), ()
X B wp Mlwe 7393 09 55 8 1 PRI R AR S A w
NGB AR, & TR B B

e?n,

(2)

X H e, m Al eq 730 Dy HLAT IR FL RS RELART 10 5T AT
HAP RN BHEG ne NESTREEZ. ANPH
PRIy N na Minp, JEEENGN da 1 dp.

wp = )
Eom

3 HEREpA

2% FE i 7] FRIE L 1) — 7T Fibonacei #E Ji JH 25 1)
IDPPC, WAHJUE 5 Fo M EFy 73 5l G35 35 9 52 1
SR —DNEBE 55— D RER R, Bk
LR RGO, ange 1 prdl. DL B T AR e I
D73k BT BRI [T 46 17 81 ) IDPPC A
BRI, EIA N FUEM BT, = 2, B
JEdy =5 mm; PHEEEdp = 2 mm, %5
TARANZE wp = 21 x 28.4 x 107 rad/s, Kl 4%
ve = 270 x 10° rad/s.

#1 i =t Fibonacci A 1 45 #) 1DPPC M4 4
]

Table 1. Initial sequences of the simplest binary

1DPPC with Fibonacci quasiperiodic structure.

ErRe] Fo Fq
1 A P
2 P A
3 A AP
4 A PA
5 P AP
6 P PA
7 AP P
8 AP A
9 PA P
10 PA A

3.1 1DPPC LML

i B W 8ON 10, B TS [ A g6 R B
IDPPC 1 BRAEME. B 24 T IEAZ NS B A A
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WIUE 5115 L (F2) 10, (F3)10 Fll (F )10 45, J:
PBG 5 FERE 7 FIB B A8 4. o TE T8, KX
TRIEE AR N, B2 (a) AL, 3,4, 7,9
WILE B 5oL B2 (b) N2, 5, 6, 8, 10 WIEEF
HZE R

10

*
L (&
L .
| € °
8 I
N 3 W3 Fy=A, F, =AP *
% 7+ ®4: Fy= A, F, = PA
< 4 7:Fy=AP,F; =P
% 6 [ . €9 Fy=PA F =P
g 5- 81:Fy=A,F, =P
]
[an] I [ ]
~oal .
sl @
2- 1 1 1
2 3 4
Order of fibonacci sequence
10
r (b)
9_
L4
8 *
8 | *
S Tf
= X A5 F =P F =AP
g 6F ¥ 6: Fo=P, F; = PA
2 P 8 Fo=AP, F;=A
8 51 ® 10: Fg=PA, F1= A
Y 4'_ * 2: Fo=P, F;=A *
e *
3r .
2 l ' l
2 3 4

Order of fibonacci sequence
K2 (MTRE) IENG, X T ARG 518 (F2)10,
(F3)10 A1 (F4)'0, 5 PBG i BTSN BLIOAEAL  (a) 1, 3,
4,7, 9¥IUEFF; (b) 2, 5, 6, 8, 10 FIUHF5
Fig. 2. (color online) PBG width of (F2)!°, (F3)!0 and
(F4)'0 with order of sequence at normal incidence for dif-
ferent initial sequences: (a) 1, 3, 4, 7, 9; (b) 2, 5, 6, 8, 10.
tHE 2 (a) /T &0, UAEET 5 A1, 3, 4, 7, 9
I, (Fs)'0 S5 4 BT R T (Fo) 10 S M1 0, T L
(Fy) X0 S5 M BN T (Fg) 10 5 kg1 oL, BiliX e g
SR BINSE R (Fa) 'O M B d oK. R, XFEE L, 3, 4,
7, OWIUG P 5 45 F ) (F3) 10 417 BRI %0, MI46 41 7
IO H) (Fs)10 g5 kyair BRACK. HHIE 2 (b) AT%0, 244)
AN 2, 5, 6,8, 10TGILI, (Fo)'0 45 M A K
F (Fa) O F0L, T3 (Fa)'0 45 MU N T (Fy) 10
oL, REXLEHI96 7 4 S5 K ) (Fo) 0 5 B oK. A
I, *FEC2, 5, 6, 8, 10 W14 FF B 45 1 1) (Fo) 1O 5 It
AR, WIURFE 5 516 [ (Fo) 10 4k iy B K. 2
VEAZE T A NS, BLEAFAS FIRIAG 541

(F2)10, (F3)10F0 (Fy) 10 5/ PBG %8 5. K344
H T WG 7RO B (F3)10 854 e W14R 7 51 5 Al
6 [ (Fa) 0 5k 1) S i, FER 2 A 3 AT 0L, 1EAS
NS, FI46 751 7 A9 1 (F5) 10 21 77 B £ T
£2  EAHE, REYILRF I (F2)10, (F3)i0 Al
(F4)'0 55491 PBG 5% (%47 GHz)
Table 2. PBG width of (F2)'0, (F3)!0 and (F4)'° with

different initial sequences at normal incidence (unit:
GHz).

PBG %%

(F2)10 (F3)10 (F4)10

1: Fop=A;F1 =P 5.73 8.65 7.64
2: Fo=P;F1 =A 5.73 3.24 4.37
3: Fo=A; F1 = AP 3.24 4.37 4.09
4: Fo = A; F1 = PA 3.24 4.37 4.08
5 Fo=P; F1 = AP 8.75 7.64 7.96
6: Fo =P; F; =PA 8.65 7.64 7.95
7: Fo =AP; F; =P 8.65 9.7 9.29
8 Fo=AP;F; =A 3.24 2.26 2.88
9: Fo=PA;F; =P 8.74 9.7 9.28
10: Fo =PA, F1 = A 3.24 2.26 2.88
1'0 ( ) '| T
L (a
0.5 _ W NW 1
ol ]
1.0 ®)
g oS _ uﬂ” M _
£ ol ]
&= 1.0
Q
& sl © w W ]
oL ]
1.0 q
sk @ w WI ]
oL ]
10 20
Frequency/GHz

3 IERAHN ARG (a) BIERFF 5 H
(F2)'0 4#; (b) WIGHFF 6 111 (F2)10 4544; () HItRF5I
7 (F3)10 ZiH; (d) BIERIF 5 9 1 (F3)10 ikl

Fig. 3.
for structure: (a) (F2)1© with initial sequence 5;
(b) (F2)'0 with initial sequence 6; (c) (F3)° with ini-
tial sequence 7; (d) (F3)'° with initial sequence 9.

N AW E AT R, P RN S L
Kl445 7 TE, TMRIRGHE OLF, NG5 5l
H0°, 60°, 85° B i1 4G 7 51 1 (F3)'0 1) 45 1.
& 4 040, X TE MTM iE%, PBG i Eiby

Reflective spectra at normal incidence
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VR Wy ¥ B A R R K R s AR 1 % 3, HOTE
AR IERE SRR, BT P AR R G TE (E B R
itk 85 A, [K17 1% Fibonacci #E J& 3 45 #) 11 OPBG
H TE f$R % 1) 85° B 7y Bt i) R a0 5 A1 0° B 7 Bt 119
il e, WE AR A X TR, %A R [E
FEE T H ARG 7 5 B oL, #4450 T
B, VIR T HI 2 5 0 6 15 LI (F2)10 1 OPBG %
FE 4y 9 7.22 GHz A17.3 GHz; HIUE K518 7 H19
1 WL 1 (F3) 10 /1 OPBG %8 1) N 8.11 GHz. %%
B IENSE R RN 15 50 AT &0, B46 7 510 7R 9 1
BUET IR (F3) 0 25441 OPBG fi K.

Lof ‘
osf | Bl TE
0.4} —TM q
0.2 f
(O \ 0 ! \ \
g 1.0 .
§ 0.8 | 60° g
06}
é 0.4 |
C 02FfF 1
=0k . : L
1.0 :
08l 85 F ‘
0.6 1 3
0.4
0.2
075 10 15 20 25 30

Frequency/GHz

4 (MTIR ) TE M TM miGHE T, N5 M55
9 0°, 60°, 85° BFHIAETHI 7 ¥ (F3)10 (St il

Fig. 4. (color online) Reflective spectra of (F3)1° with
initial sequence of 7 for TE and TM polarizations at
incident angle of 0°, 60°and 85°.

1.0 E

0.8 » (FS)l\\f 5
0.6 - i

0.4
1.0

0.5 [ (F3)2 T
|

1.0
0.5 [ (F)°

Reflectance

1.0

0.5 L(Fa)* M

1.0
0.5 [ (Fs)®

Frequency/GHz

K5 RSN =1, 2 3,4, 58 (F3)N g5k R4S
Fig. 5. Reflective spectra of (F3)™V
riod N of the values of 1, 2, 3, 4 and 5.

structure with pe-

FRATI RN TE 561 i A 1 i 2 i ) 3001 480 ) 9 KT
K, (HAZ R 2 ORI I 5, B2 ] 3 K 3
— BRI, 4K SR WS A BR AR AR /N, T RL L
W AN T, DRI A 0 X6 vHE i R 245 1) 1) Jo S S A T A
1. BS54t THIET A TG B, 1A NG B
T, N =1,2, 3,4, 58 (F3)N M1 S,
Bl 5 R, A A RSN 138 K, (Fs)Y B PBG %
FEIZHTIE R, FAKCN 3 )5, k3G KR, (Fs)V
SERIRTHT BTG B R ARk, DRI R o s R S RO
N =3, Rl (F3)3 = (PAPP)3(5 (PPAP)?) NifE
ff) IDPPC 45 #4.

3.2 UGB AR

LA (F3)% = (PAPP)3 Jfl, 4 i3 OPBG
R

P16 9 T I TE iR Y6 52 F 7R ) A e
(F3)3 Z5F I [ 1. OPBG B8 & P A 2K £ [X 3k
fiizw, BI 7.8 GHz.

0.8F

L T
04f w N — TM

0 L 1 L 1 L 1 L 1

08F 150 |

0.4F ‘
E il

0 A " Vilj )

0.4F 30

0.8F At
ht
of . J f ) :

0.8F
0.4 il | i

0 i . d |
08 6o || | ~W

s ] ]

0 i ) | [ )

Reflectance

a5 |h
i
i

0.4f 85 | i

0 n 1 i 1 i 1 i . 1

5 10 15 20 25
Frequency/GHz

B6  (FITIR ) YRR T R, AR ot fi R [
NS FTEULU T (Fa)3 5t
Fig. 6. (color online) Reflective spectra of (F3)2 with

0.8F _ . ‘ﬂ‘ ’l

initial sequence of 7 for TE and TM polarizations at
incident angles of 0°, 15°, 30°, 45°, 60° and 85°.

K7 AU FE 5 T (F3), B (PAPP)3 45 1)
(5 B EATR R fr-TM(TM w8 96), fu-TE(TE
PR ) Ay B R A IR f-TM(TM fmR%), fi-
TE(TE fw#& ) BN S A 1A 10, Hod % £ X 35k
FioR RZ LRI OPBG. B 8 A U R 54N
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S i 1R % AR L, AR KT 2 T R R i L R A
OPBG.

24
| —m— f,-TE —o— fyTE o—°
22 - —A— fi-TM —v— fH-TM/.
i @
20 |- o . __wy—VV
i —e—v "
O 18}
~
N
g 16
g [ OPBG
jonl
S 1l
m -
12}
I ——
10 |- e B— 3 A A A
* n 1 n 1 " 1 " 1
0 20 40 60 80 100
Angle/(%)

B7 (MR E) A RMRRESERE LT, AR NS M
(PAPP)® Z5MIIK i 5 b T AR PR A 2 1148 4k

Fig. 7. (color online) fr,-TE, fi,-TM, fu-TE and fiz-TM
of (PAPP)3 structure with different incident angles.

30 1.0
0.9
. 0.8
0.7
= 20
<) 0.6
>
=
£ 15 0.5
&
© 0.4
= 10
0.3
2
5 0
0.1
0 0

80 60 40 20 0 20 40 60 80
Angle/(°)

B8 (MTIRMQ) ARMmRESLH, (PAPP)3 4t 4 %
NN CE e
Fig. 8. (color online) Photonic band structure of (PAPP)3

structure in terms of frequency and incidence angle.

NLZ AR R, — SR R R, e R R A
JZ RS B A Rt AT DLTE ORI R BB 4
i) S 5t 2%, {H B4 OPBG ) 1IDPC 45 #) n] 42 fft 5
RVE BT PR PR R TR AR REAT I A 1) S

8L o, —AN S B A R A 1) SRS
Bl S 2 R 45 T 0 GHz, 1 Fibonacci # J& 3 25 4 11
IDPPC, H OPBG Juli r] A\ 0 GHz JF45, thr] LA
3E0 GHz FF4f.

3.3 SUAMEXERERREFEXTEE

BIO 25 T IE 22 NS I A R 2 301 5L SCRk
GE MY B A SCARAL S5 K9 (PAPP)3 1 S S . 40 11
OPBG Z ¥k 3 i, iX B 77 B & 2% 8 I i %
AT 0.999 (185, B 9 FISR 3 0T, AR
(PAPP)3 1 OPBG & 7. b4k, ML H AL, &
3 (PAPP)3 S5 M fai o, R 12 )2 454, He
Al AR CEA

S0 ]

1.0 T

0.5

1.0
L (c) J
0.5 B
0 - -

5 I 10 I 15 I 20 I 25
Frequency/GHz

9 IEASRIARIS MR (a) SCHR [25] 19 S10

SH1; (b) Sk [26] 119 S10 45H; (c) (PAPP)3 4544

Fig. 9. Reflective spectra at normal incidence for (a)

Reflectance

structure of Syp in Ref. [25], (b) structure of Sy in
Ref. [26], (c) structure of (PAPP)3.

A TR, B T SCHR [25, 26] 1Y Fibonacci #E
JA 145 K 1 IDPPC &5 44, SCHR 23, 24) s it 1
Thue-Morse #E & HH 45 #4 [ 387 5 1DPPC 25 #. 3¢
Wk [23, 24] 43 5K T 64 )2 F180 )2 4544, A =
BURE DL R SOk 23, 24) &5 #9 1 OPBG 8 £ 43 5 N
3.32 GHz f17.20 GHz, [RFiaiE, X EAHER.

*3 ARALHHK OPBG 24
Table 3. Parameters of OPBG for different structures.

gt f../GHz fu/GHz Af/GHz df/GHz
So =P, S1 = AB (S10) ik [25] 9.50 13.18 9.5013.18 3.68
So = P, S1 = PABP (S10) ik [26] 8.64 15.70 8.64—15.70 7.06
(PAPP)3 10.99 18.79 10.99—18.79 7.80

VE: fr,, OPBG [ Rl fu, OPBG K _EilAs; Af, OPBG Yifl; 8f, OPBG %i/¥
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3.4 B¥ITIL

K10 AR RS F I OPBG 98 ¥ B 45 B 114 2
JEE dp (E110 (a)) 55 B TS wp (B 10 (b)) F1
LB TR v, (10 () BIZEAL. HIE 10 (a)
FEL10 (b) BT &1, X T B b = Fh 45 #4) 5k i,
OPBG 7 &£ ¥ B dp Al wp K1Y KT 3G K, £2 4
BN A SC (PAPP)3 85 K (AR A0 se bR, T H. 2 40
fERT—E )G, AL (PAPP)? S5 HI7EAH A dp K
wp B 1 OPBG % B & /2 f . 14 T v 2240 1
T, R OPBG %t FE B v, 3 K 56 A (R B
A HAS (PAPP)? 5 M 7EAH A ve B ) OPBG
P A

10

—a— Sy Ref.[25] (a)
S1o Ref.[26]
L —e— (PAPP)3

OPBG width/GHz
o 3

IS
T

A/-‘/"«‘//\‘—__H

1.0 1.5 2.0 2.5 3.0

dp/mm

9.0 —a— Sio Ref.[25] (b)
S1o Ref.[26]

7.5F —* (PAPP)?

N
jasi
U o
<
= 60l
2 L
o 4.5
o T
m
[al)
o 3.0
1.5
1.0 1.5 2.0 2.5 3.0
wp/mx28.4x10% rad-s—!
9 ()
8 o——0—0o 0o 0 o o 0o 0
N
jas}
o7
<
ﬁ 6 —A— S Ref[25]
7§ S10 Ref.[26]
G 5} —e(PAPP)
z
o 4
3
2

1.0 1.5 2.0 2.5 3.0
ve/mx 106 rad-s—!

K10 (a) dp, (b) wp, (c) ve ZALH, RFAILHI) OPBG %5

Fig. 10. OPBG width of different structures for different (a)

dp, (b) wp, (c) ve.

4 BB

LiRWIAG ] 7, 9 B = Fibonacci /& ] 45
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Table 4. Structures of Fa, F3 and F4 with different initial sequences and the corresponding values of Q.

Fo Fs Fy
45k QM £ Q1 ] Q1H
1: Fg=A; F; =P PA 1/2 PAP 2/3 PAPPA 3/5
2 Fg=P; F; = A AP 1/2 APA 1/3 APAAP 2/5

3: Fo =A; F1 = AP APA 1/3

4: Fo = A; F1 =PA PAA 1/3

5: Fp = P; F1 = AP APP 2/3
6: Fo =P; F1 =PA PAP 2/3
7: Fo=AP; F1 =P PAP 2/3

8: Fop=AP; F1 = A AAP 1/3
9: Fo=PA; F; =P PPA 2/3

10: Fo=PA,F1 =A  APA 1/3

APAAP 2/5
PAAPA 2/5

APPAP 3/5

APAAPAPA 3/8
PAAPAPAA 3/8

APPAPAPP 5/8

PAPPA 3/5 PAPPAPAP 5/8
PAPP 3/4 PAPPPAP 5/7
AAPA 1/4 AAPAAAP 2/7
PPAP 3/4 PPAPPPA 5/7
APAA 1/4 APAAAPA 2/7

5 %

A 3L LAt £ BB J€ Fibonacei M J& 3 45 #)
f1DPPC N Xt 4, R4 % T Fibonacci ¥] 44 ¥
HI (BN Fo 5 Fy) BIAS R X% 45 7 PBG 5 OPBG )
Som. TEMCEAE b SR T HIGT N F = AP,
F1 =P K Fo = PA, F; = P (F3)® AL S5 H4.
5 H A &% & 7 R4 BHE Fibonacei 1 & #145
FAIRE L, A A 251 DU RE 7 B (0 2854 (12 %) SR8l
TS OPBG(7.8 GHz). AN, 1855 R
BRMAMEL, BT oo, 15 T8, &ia, »
EC 3 #T T AR Ak &5 M R A SR 25 440 24 55 B 4

JEJE A5G T A A A A5 Al AR AR AR A
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Abstract

The binary one-dimensional plasma photonic crystal (1IDPPC) based on Fibonacci quasiperiodic structure is studied
systematically in this paper. We consider the two simplest cases. In one case, the initial sequences Fo and F; are both of
single layer structure. In another case, one initial sequence (Fo or F1) is of a single layer structure, while the other one
(F1 or Fo) is of a double layer structure. Thus there are ten different kinds of initial sequences in total. The photonic
bandgap characteristics of the IDPPC with these different initial sequences and numbers of period are analyzed. On these
bases, a novel structure of one-dimensional plasma photonic crystal (F3)3 with initial sequence of Fo = AP, F; = P and
Fo = PA, F1 = P is proposed in this paper to enlarge the omnidirectional photonic bandgap (OPBG). Compared with
previously reported structures in the literature, this structure is simple in configuration with fewer layers and materials,
and its OPBG width is wide. The influences of the parameters of the plasma material, such as the thickness, plasma
frequency and collision frequency, on the OPBG characteristics of this structure are also discussed. The OPBG width
increases with the increase of the thickness and plasma frequency of the plasma layer. Compared with the structures in
the literature, the change of OPBG width is the fastest for the proposed structure when the parameters are relatively
small. And with the same parameters, the OPBG width for the proposed structure is the widest when the parameters are
greater than a certain value. The plasma collision frequency has no effect on the OPBG width for all the structures. But
the OPBG width for the proposed structure is the widest when this parameter has the same value. The reason why the
proposed structure has an optimal OPBG width is explained by analyzing the dispersion properties of the plasma. The
real and imaginary part of the dielectric constant of plasma change with frequency significantly only in the low frequency
region. Since the imaginary part of dielectric constant is nearly zero when the frequency is larger than 2 GHz, only the
dispersion effect of the real part of dielectric constant needs to be considered in the frequency range we investigate. And
its value is much greater than that of conventional medium in the same frequency range. This makes the high-reflectance
bands of the 1IDPPC broader than those in the case of pure photonic interference phenomena with conventional medium.
On the other hand, the corresponding highest proportion of plasma layers in the whole quasiperiodic structure can also
be used to explain the broadest band gap of (F3)3. These results can provide important theoretical guidance for designing

the novel omnidirectional reflectors.

Keywords: plasma photonic crystal, quasiperiodic structure, Fibonacci sequence, omnidirectional

photonic bandgap
PACS: 42.70.Qs, 78.67.Pt DOI: 10.7498/aps.65.244204
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