HNRSHBEFZHE
52, 100605(2015) Laser & Optoelectronics Progress ©2015( 1 [ 3 5) e a4t

T BPSK by KSR A& MPPM 7 %
BEE % X BEE kXA EBV

T RER AR B RAERE, BETE P84 710077
2r [ N R4S 93514 #RBA, T AL 24k 064200

FE AR SOGE A i E B2 bk oh 37 38 ] (MPPM) 1 68 i 7 28 482 1 17— Fh iy — g AR A2 A (BPSK) Bl i 11y
A Z Wkl 77 %8 . AT %, BPSK I8 il 5 19 % Ik v 78 BPSK-MPPM 1R & it b 7% 4, {5 B 9l #5417 78 BT & 3% )6 ik
PR AL S AR R R O Bk b S R K A T 22 Y B . RST T BRI R Ge AR Y N SR R L
BRMEE AR, TS H M BIEAEIE PR 1 Lo d . Dy E 45 R W, dhodt 77 2 094 T8 FH 3R R4 S sk s T #L 0y
%3 HAE A AR R R A MPPM 25 fg rh (58 A e .

KR OGEAE; UEHIARRS A 22 bk b O R L 5 R R AR R AR A

RESZES TN929.11 XEEARIRED A

doi: 10.3788/LOP52.100605

Hybrid MPPM Modulation Scheme Based on Modified BPSK in
Atmospheric Optical Communication

Liang Luyang' Meng Wen' LiYunxia' Zhang Wenjie' Han Xiaofei’
'Information and Navigation College, Air Force Engineering University, Xi'an, Shaanxi 710077, China

*Unit 93514 of Chinese People's Liberation Army, Zunhua, Hebei 064200, China

Abstract Considering the conventional multi—pulse pulse position modulation (MPPM) in free atmosphere optical
communication, a hybrid MPPM modulation scheme based on modified binary phase shift keying (BPSK) is proposed.
In the scheme, BPSK-modulated optical pulses are transmitted in a BPSK-MPPM hybrid frame and as the transmitted
information is carried by both position and phase of the transmitted pulse, the change of optical pulse position is used
to transmit more bits. The modified system model, channel transmission characteristics, bandwidth utilization,
transmission efficiency and channel capacity are researched and measured, which are also compared with those of
traditional schemes. Simulation results show that bandwidth utilization and transmission efficiency of the proposed
scheme are higher than those of the ordinary schemes. In addition, the channel capacity in the hybrid MPPM frame
construction including protected slots is also higher than that of the ordinary schemes.

Key words optical communications; binary phase shift keying; multi-pulse pulse position modulation;
bandwidth utilization; transmission efficiency; channel capacity

OCIS codes 060.2605; 060.4510; 060.4080

1 5 FH

ok o057 R ) i A S ' 3 A — o R O =, b — R gy U 2 kool oz A ) (MPPM) . MPPM
AT LR f 2 8 38 3 B ik b 7 8 3R ] (PPM) 7 =X 7 B R FH R SOk (418 1 T e s T SR {5 h i &2
Jok w7 R R L RS ST, JCIE S PPM A & MPPM & 8% 732 FH T 9% JF 0 /2 42 46 ) IM/DD) & 52 . 4R
1T, S T B SO MIL L AT g 1 8 A, A T A T 5 A A S BT A A D (45 2 2 A T 0 A 22 A 0 X K
LI 7 B ] 2R G, A 2 46 I 2 AL 1 R R L A O ML ) 2 R v A 3 B

VEZ SCHREE 7 D638 15 v 56 T Ik b 057 8 FAR 57 1) YR A5 80 o) SR B o SCRR [SIAFF T T B ML AN it - 2
WAL 9 — 3 1 AR S B s 5 LIk bR 57 8 ) (BPSK - 2PPM) AH 45 4 1Y 1R & V8 i 77 2, I % I AT T M RE e
o SCHRI91EE T 55 —Fh PPM 5 = i il AH 7% 58 5 1 Rl 280 0% ot B2 9 1 (BPSK-SIM) AH 45 & TR & R il o 78

s B H#3: 2015-04-13; Y Bl & 24 F5 B #5: 2015-05-29; M 48 HH kit B #5: 2015-08-18

YEHE B A PP (1990—), 5 WAk 5T 2k, 32 28 A= KOG 15 1 il 5 i 5 07 I B 758 . E-mail: x_311@qq.com

SImEN: 5 (1966—), B ml# Rz, EEMNFHOEE B MEHE AR B AU . E-mail: mengwen_mw@126.com
100605-1



52, 100605(2015) HMYSEMNYEBEIZFHE www.opticsjournal.net

A ] 0 S 25 2 5 o R0 bR R 2540 T 1007 6 1Y 1209 R (BER) PE fE {1 T BPSK-SIM A1 PPM /) BER. SCHik
[LOJ4E H B 7 R &5 A T m ¥k B FH IE 28 M1 % # #22 (PDM-QPSK) FIl MPPM ¥ il , % J7 A 78 1 62 Hi il K 4% i
HLAY IC s R F R o SCHR [L1)BF 58 T 7 42.8 Gb/s 1 % T K I % 1% % Y PM-2PPM-QPSK ¥ il (PM 2 /R
LIS . SCHR[12]8F 5T T 1R A A0 B 4% (FSK) 19 MPPM J 33 701 £ A H F ey 28 8808 1) S 1% i o

R T — A [ R v AR 7 9 RNk 07 A A M BE L AR SCEE T 3k T BPSK ek (19 TR A MPPM i il
D5 ZE W AL VR ) 45 ik b 7 R AR 25 A, AE R X 2 Fh O R o AR SCHR R R O b A R H R g 1
e IR S5F IVk e 8RR S AN A 2 T [ R AT T L AR TR A b s BPSK T MPPM 2 32F 47 4 4G I (25 46 1 5%
HANZEREI ) o SR FHAR A 3 1) 1) 5 2 A A B R & T 8 0 Sl R R o A o AR A5 9 1 5k e 7 A o
ARG A ST 1 K S5 ol 3 2 itk — 25 B AR, AT A — A B A 2 050 % A 32 30 11 A 5 80 A0 X 3 1477 58 %6

2 RG5EHFE AR
2.1 BREARNRSEER

#£ BPSK i il v, — I B0 & 5 04 S /N DI S8R 0 S ik b it o T AR AR SR etk b, R A A T
2R BPSK Ik #, 78 3 1| FH 3 26 ik o 1) 47 A Bl AL B o8 22 1) B R o M B S MOCRIV B BRI L TR A it v 7 1
Ji B 6K P B R e FEH B MPPM 3 i o [R]RE (9 Wi B T 3O Ik s B0k o ZETR A WU s A 6 ik
fdi i BPSK Il , % #1 BPSK .MPPM i % ¥4 1 BPSK gkt ik i) MPPM IR 45 i 45 # 4n K 1~3 fiF 7w .

1 2

A A N A LI M
VAVERATAT A AT S 1 ) i

M slots 1 2 3 4 15 PP ——— M-1 M
M slots
I 1 % B BPSK 45 12 ¥ KL MPPM Bii45 )
Fig.1 Regular BPSK frame structure Fig.2 Regular MPPM frame structure

1 2 [ n,
AN AR AN A
vy, VWV, VU

8 B s e M-1 M
M slots

P 3 BPSK i Ji ) MPPM i 255 1
Fig.3 BPSK-based modified MPPM frame structure
X bk PPMUTT 55, BCEEA 15 B Wi 70 B M A AR S I o A A 3 S, M I B R A — A I Al
okt , TGk b 67 B 2 s WAL 16 A5 L, B L, — {5 B itn] LIAZ 2% 1h M bit {5 8 .
X MPPM I &5 , 45 TG Bk e — S5 Bt b 19 224> i B A% i (An 181 2) o 3508 M MPPML 72 MR BR L
8 m A ek P 4 & & &8 N, WA
M!

N=C:,=n!(M7_'n)!. (1)

HFHEH T C =Cy" LY n =M-n, Bl n=M/2 1 , Nﬂxﬁ%%jﬁﬁo FRAJE 22 4 6 ok o i) 4 45 15
A, B MPPM R 5, A5 B i P A& 5 1b ¢, bit {5 B, e KI5 B iR 1b €))7 bit.
A A% B 4 O R ' 8 1 R A6 722 A ok % 388 015 L L AR AR R g 41 1) DR FE N E o FE BPSK H— i
il D LG AL O AT 43 ) 26 7R — 0k il <07 Fn“ 1”7, BPSK A ik Ry
E o @)=A cos(wt +¢,), 2
o, TRE 0 NS AT ARG, RN

() s d' L‘O’Y
@n = Sen 'lng“ ” ) (3)
, sending®l
BB 0" AL O E R p, B (2) 2] DL S
_(Acoswt, forprobability p
B )= {—A coswt, for probability 1 —p~ @

100605- 2



52, 100605(2015) HMYSEMNYEBEIZFHE www.opticsjournal.net

W % 2k BPSK £F 5 i WU B2 S M, BT /N Ry M bie(Can & L TR, i fE ek oy bl Tl n T
MPPM ¥ il CUn 181 3 B 7 ), Be B4~ 45 2 W% fan 15 84 Lo, A

I,=n,+ 1b CZ;I y )
K IR AWK R R PRIEIR G 7 A% 5 A5 8 LR /N T8 W BPSK 7 48, A
n,+1bCy =M, (6)

S Moo TR WK B2 ) B KA
2.2 HRPEPEA MPPM M4t 70{5 E R E

BAE— M E B b A MAS IR, W B T, W BRFERE 7= T/M , v B0 s A S W OR 47 ) B A
e A5 1 B 2 08 0 2L B, SR £ I BRI B e, e rp Ay A Sl kot (ARG 25 D6 K ol o 3 A B ) 324 (mym)
MPPM . £ S0 7 58 b, 38 6 ik b 28 3 181 i 42 i BPSK Y6 ik o X HE T AR B k= 2 APk 4l & o RIX
IX K 2 A A O R A i A R SR A A AR B A £ SRR b K bite 8] 4 R oR B DRI AY w bk e
BPSK-MPPM W45 44 o Fif g 4> F B BT 1 A%, DR R DR3P I B 70,0 D47 it 1y 2 ot Jok o 38016 4 19
AGRAERIE o S5 m+q(n=D) DB BRFR R AL AR B 77, = 7[m + g(n - D) L HPAT q(n-1) 4~ I Bt 32 0 22 5l e
T A LR B R —

T=Mv
BPSK ,protecting, protecting protecting
pulse slot 1 slot2>f 7 slot n-1
N |
< T,=q". L 5 Tt=mr+q(7?—1’)'iw Tl -
protecting transmitting slots

slot
&4 (m,n) BPSK-MPPM i %54
Fig.4 (m,n) BPSK-MPPM frame structure
T P g O B £ A TR K S (m, m) BPSK-MPPM. ok o 80 5 422 38 i, Jik ol o 119 6 7 0 i A
THFA 3 A, BOL T4 07 2577 A i3y s S HRHLAR I 21 T TR & A
8=exp(—s7'). )
BB TE m A~ K 7 6 0o o 25 A B 0 A 380 5 T 7 L TS 2 2 5030 O £ 2 A7 7E 1 1253
P by M B3 A T, i LSk AR TS REBAL K o Pt I R A G AL AN 1] 5 TR
X, (eelf* Y,

[ 5 P ik il M B £ 1 A 2
Fig.5b P-ary erasure channel model

BRI AST S R X, 1=(1,2++ P} i I AF 508 ¥, 5=(1,2,- P, E} (G B B HEF

Pm(%bﬂ): -, ®)
pw(Elx)=¢, €©)
pu(yl)=0, (10)

K pyy (o) A I 26 777 R LR Y=X5 p,,, (El) 3R 16 I 21 006 T A7 7 A EAR L (10) 23R
HA B 2FE OAEAE o X T n A Gk b, 5 p o

100605- 3



52, 100605(2015) HMYSEMNYEBEIZFHE www.opticsjournal.net

3 it E RGN
3.1 FEMARLE

WG B B T, Hoip S i RO M, AR BB ek 52 e b A, IR R s A 7, W 7 3%
N A

T:%. (11)
QDT DA bl G M O3S0, B B 58 BE ROk s . k5 AR 98 B,
B:%. (12)

AT (1) (A2)ZC AT LA B MBS0, 7 /N B30, B L5 £ S W B2 [0 2 B, MRS 338 T g 5 208 52
Pk, BEE IR R, G EE LN

_ 1
R=-. (13)
e R R
n:% ) (14)
XFF MPPM, I, =1b C!, bit,fCA(13)z, I8 45 B A (12) 28 A (1), 7] 15
b
7’\1]’PM = M 4 . (15)
[ #, % FIR A BPSK-MPPM J7 &, Fl FH (5) 23 H A nu=n , 15 21|44 58 1| F %
_n+lb ¢, 16
m= (16)

> I B N PR 2 R ) O S R SR R BRI R M =16, 7 ELA5 R AN K] 6 R .

AT ELE AT LU B 2 B 7 22 75 I B AR I Bl A 05 R T o o' bk b S i s A SR Lh 3, 3
IRERME ARG TR MRS, Y n=80F, n e KMH N 85.3%, ettt J5 &, 1E ng=11 I, 47 58 F) 71 483K 3] 4
K 144.3%, 7EFE it T 100%, A7 LB B A H, st )y 5 0945 58 RS AT A SE 4 A, A g A R
RS

1 hAE ) fF'ﬁEPJ‘ﬁM{FF%ZIEHT Fode 1 200 Z2 A sE R 380 4 0l [ 2 Gk b B n=2 5 n=3, 45 R} 1
KT HT7R o AT LA B, 2 7 S 78 50 Ik b 518 2 i), Bl 5 15 8 Wt s B 507 — 28 i FEL 3G, sl Ds | O HL etk
&g RTHMITE

16— 1.0 e e
= BPSK-modified MPPM = BPSK-modified MPPM(n=3)
214~ MPPM "X 11 ] 097 BPSK-modified MPPM(r=2)
Bl L[ 111 i Y: 1.443 sﬂosr -~ MPPM(n=3)
’ MPPM(n=2
'8 1.0 X:8 O 0.7 =2}
8 Y: 0.8532 Sos6
208 : R f ‘
= T~ 05
_§0.4T X Y 1 é 0.3 - |
mO.Z S02r .
) S S N N S 0.1 —_—
1 3 b 7 9 11 13 15 10 20 30 40 50 60 70 80 90 100
Pulse number per frame n Slot number per frame M
P 6 Ay 58 )T 4 5 4 i Pl Bk o Bony 06 & (M=16) P 7 Al 58 )T 5 0 6 I B B ¢ &
Fig.6 Relationship between bandwidth utilization and Fig.7 Relationship between bandwidth utilization and
optical pulse number per frame (M=16) slot number per frame

3.2 R KR
TG AR 1Y L RO B i 80R ™, X T MPPM, BAE R RCRE R &y » A
Ib €,
g\’IT’PM = /\n )
A FR— Ak P BT RO TR B, o 7 SRR R

(17)

100605- 4



52, 100605(2015) HMYSEMNYEBEIZFHE www.opticsjournal.net

_n+1bCl
= (18)

B A B 2 5 SR AE MR R, e i A =100 A1 A =1000, 45 B4 & 8 i . o LAE HAE G T 8O (E
AR AYAE B , Bt 7 BAG R R AR T O 2. 24 A BUE U, & foE T H Y A WOE Bk b B fE— &
90 L P BN ER , 2 o T S8 V) A i 2k R 2 L TN K

10

—
=)
9

—
o
do

00
vu)

BPSK-modifiec
~ MPPM(A=100)
BPSK-modified MPPM(Z=1000)
104 oy |

0 2 4 6 8 10 12 14 16
Pulse number per frame n

Trsnamission efficiency
/(bit/photon)

I 8 fh a3 5 RO M B % R
Fig.8 Relationship between transmission efficiency and pulse number per frame
3.3 FERESH
TERAWOGIEAF b, 15 18 78 H 2 0 108 15 1E A A9 B 22 S8, O S 1R 1 7 1l J2 W 2 15 0 h RE S AL 15
A ORME . 75 MPPM {5 18 A5 8 rp AR 48 A58 80 w] 4ff 5 1 7 BPSKOE Bk mi B AT fR 37 (5 B2 9 MPPM {5 3 75 i
F IR A AT OB T I MPPM 5 RN T R E R B CR.
BRI B 5 B IQGY) £85I ABER 2045 p (), W E S5 1E A 5 C o™
C= maX{I(X Y)}= maX{H(X) H(XIY)}, (19)
AP XY 23 53 e A A A5 i H QO 28 i A IR X B0 HXY) R AR A5 IR X 21K 15 18 Y 9 2 R0
H &1 5 JIT 735 1) 475 18 A5 2 ] 2 3 )b £ 18 7 7% A 49 R 1
(1-e) 0 0 I-(1-¢g)
0 -2 0 1-1-¢)
: : 1-(1-¢g)
0 0 e (1= 1-(1-¢) ere
P A5 RS T A £ R o o 7 ) 135 T A 9 6T R A 3, v R A 3 4 £ 3 A T SRR
C=1br—H(p;,p;,---,p;)—z":NA IbM,, 21

K r B AR S ENEG (pop-op) EHES A E P AT R . BIEE B TR n A E A
R FE NZEEEDTHEQTMATIURZ M, M kAT QI P TR Z M. M Q T, X4 2
DA B TFHERE QN Q.-

Q= 20)

l-¢f 0 - 0
o a-ey e
0= : 5 0 ) (22)
0 w0 (-ey]
1-(1-&)
Q.= 1_(1:_ & (23)
1-1-¢g) -
X“J‘:J:T%L’%EMPPMﬁgE 'fA‘JE ECMPPMﬁi’%ﬂf\‘j‘j
Cop=lb k{1 -&)'Ib(l-g)" +[1-(1-&)]lb[l -(1-&)"]}- @24

{(l-e)'lb(-e)+[1-(1-&) ]lb k[l -1 -e&)'])}=( -&) Ibk’
R 3R B 18 25 1 55 THOL B VLA DU 21 P A OE F R S5E5HE S 2. % (1) CACHAFT1E
100605-5



52, 100605(2015) HMYSEMNYEBEIZFHE www.opticsjournal.net

" Tz ' n
Copy == [1 = exp(=s7)] Ibk = {1 - exp(—sm_'_(n_l)qj:| IbC . (25)

IF] 7] 45 BPSK Bt 15 18 4 4

C,= {1 - exp(—snﬁ(:_l)qﬂ (n+1bC"). (26)

[t E G (G BB T=10""s, 515 B BR S B0 m=128, (2 37 B BR AN K00 p=32, 20 9l 76 7 B AP 24 7= A 1Y

R s=10°F s=10° B &0 T He B 2 80 5 215 B 45 1 5 B WO K b 8y B0 R 85 R 9 it . L

AT LLE Bl A5 S0 bk b £5 0 38 {5 38 25 8 e 38 KR 080/ 5 78 s=10° FL A WG bk i B0HT R B9 1% 0L T

MR Ty 25 T 25 1 R KAE L BT 48 K 41.8 bit/symbol, 3 FLBE G bk wf g5 in w9 3 25 85 ik, 24 s=10°1, 2
Pl 5 % e KAE A 22 74.9 bit/symbol.

= . ~ 60 . . ' -
3249 BpSR_modified MPPM(n=10 | | S [ L [ [ | \
2220 e 255 .
500 MPPM(n=10 .
g BPSK-modified MPPM(72=10%) §50 g By
= 180/ MPPM(n=10%) 1 T
160+ . , 3 f
>, 140+ | <40+
% 100 P ‘f,:“ ! | | %30 P
< 28 “ < 2 BPSK-modified MPPM(n=4)]
g | ‘ N § 20+ - MPPM(n=4) - |
40+~ : - 15 BPSK-modified MPPM(n=3)
g 20 , 5 T MPPM(n=3
% 20 40 60 8 100 120 01 2 3 45 67 8 9 10
Pulse number per frame n Transmitting slot number m /10~
P9 {536 44k 5 B WOL kol B 06 & P10 {73 758 15 15 £ I BR &R 0 O &
Fig.9 Relationship between channel capacity and Fig.10 Relationship between channel capacity and
pulse number transmitting slot number
~70
265
2 BBl \
g |
250 |
§ 45 |
840/ —
— BPSK-modified MPPM(n=4)
235/ - MPPM(n=4) :
% 30! BPSK-modified MPPM(n=3).
S 25‘ | MPEM(T‘L:E})‘

0 1 2 3 45 6 7 8 9 10

Transmitting slot number m /10~

1L fR3E 2 5 1 £ I BR B 56 &
Fig.11 Relationship between channel capacity and transmitting slot number

I 72 AL A I B B Ti=10"" s, D47 5 BN KON q=382., 30 58 5l 1 R AP 1 29 772 21 o s =107 Ml s=10" LI K
Tk R n=4 Tl n=3 BFEBL T , LU 2 Fh 5 S8 530 2 1k 5 14 15 I B A~ oz [ A 6 2, AT 10 18 11 7 . Al
VAt B 1 A5 I BRSO 3500, 15 18 28 1 S0 s e/ 0 5 10 5L AR DG 4 B0 247 A s AR ER, f5 T A
Wt 5 12 175 P Bt 280 ) 38 2 100 20 AR Y BT A 3 0 10 5 B D16 ok o 5098 o, £ 18 8% A of K

UL L5 BLA5 SR T LU, 482 Y B 280t 7 8 A AL A I B 50 D6 7 1 A0 2% A R s TG Bk b 8 H 4
ARG OL R, (58 A B R TR MPPM U7 58, O HLAE s BRI, Bl 4505 5 WO BK b i 9 15, £ 3 72 2 34
FaBORER .

4 %5 B
3R Tl 3 SRR B (BPSK) ek TR A 22 Bk i 7 %L AR O T B0 K RO S
o B MPPM U 7 2 (0 Pk RE . 2t T IR 4 VT o0 1 2 290 R0 A 125 30 A0 L 5 17 R S8 TR0 1 S R T 6
SRR FE AT T AT 07 20 BFS0 T B0 7 R 058 25 0 3 S T BGH 7 2 0538 25 1 %k 2t I e
B R G0 R B B0 L 6 S T R T S A5 A I AT T 07 2L LR A
100605- 6



52, 100605(2015) HMYSEMNYEBEIZFHE www.opticsjournal.net

D5 B TR W] AR 45 38 S AF T WOk Jr 80 96 R 360K 31 e K 144.3% , fE 3R R 1 100%; 7556 144
BIE A R 45 B0 R, o ik AL ROREAR TR T % 5 M s=10" H n=3 1} , ik F ZFEARRKEZH
2.94 bit/symbol,s A5 H n=4 i, BGH T ZFE A i KEZ T 3.91 bit/symbol.

WUHE 7 SR AR T8 R R R AL RO R 45 5 T S TR LT 5, S RAOGE 15 Y ) vk R
TR B AR B NS BR R AN B . R — 2 S O 1) S RRAE B L S IR R 0 R R
R A 22 Ik b D 48 SR R R S v I O a6 R R S 3R AT ek L 4n 4PSK . DPSK Fl QPSK % .

& & Tk
1 Sugiyama H, Nosu K. MPPM: A method for improving the band- utilization efficiency in optical PPM[J]. J Lightwave
Technol, 1989, 7( 3): 465-471.
2 Aoki N, Ohtsuki T, Sasase 1. Performance analysis of multi—pulse pulse position modulation using avalanche photodiode
in optical intersatellite links[J]. IEICE Trans Commun, 1996, E79-B(1): 52-56.
3 Singh J, Jain K. Performance analysis of BPPM and M-ary PPM optical communication systems in atmospheric turbulence
[J]. IETE Technol Rev, 2008, 25(4): 146-153.
4 Karlsson M, Agrell E. Multilevel pulse—position modulation for optical power—-efficient communication[J]. Opt Express,
2011, 19(26): B799-B804.
5 Atkin E, Fung S. Performance analysis of coded optical PPM system using direct and coherent detection[C]. IEEE Proc
Communication, Speech and Vision, 1990, 137(4): 226-232.
6 Selmy H, Shalaby M, Kawasaki Zen—-Ichiro. Proposal and performance evaluation of a hybrid BPSK-modified MPPM
technique for optical fiber communications systems|[J]. J Lightwave Technol, 2013, 31(22): 3535-3545.
7 Vilnrotter V, Lau C. Quantum detection and channel capacity for communications applications[C]. SPIE, 2002, 4635:
103-115.
8 Faridzadeh M, Gholami A, Ghassemlooy Z, et al.. Hybrid PPM-BPSK subcarrier intensity modulation for free space optical
communications[C]. Proc 16th Eur Conf Netw Opt Commun, 2011: 36—39.
9 Liu X, Wood T, Tkach R, et al.. Demonstration of record sensitivity in an optically pre—amplified receiver by combining
PDM-QPSK and M-ary pulse—position modulation[J]. J Lightwave Technol, 2012, 30(4): 406-413.
10 Sjodin M, Eriksson T, Andrekson P, et al.. Long-haul transmission of PM-2PPM-QPSK at 42.8 Gbit/s[C]. Proc Opt
Fiber Commun, 2013: 1-3.
11 Simon M, Vilnrotter V. Performance analysis and tradeoff for dualpulse PPM on optical communications channels with
direct detection[J]. IEEE Trans Commun, 2004, 52(11): 1969-1979.
12 Park H. Performance bound on multiple—-pulse position modulation[J]. Opt Rev, 2003, 10(3): 131-132.
13 Fan Changxin, Cao Lina. Communication Principle (Six Edition) [M]. Beijing: National Defense Industry Press, 2006: 188—
189.
B R . 8 A BROE (A 6 O M. Jb Rt FE 7 Tl H i, 2006: 188-189.
14 Ma Ning, Li Xiaoyi, Yang Gang, et al.. A novel dual-amplitude fixed length digital pulse interval modulation scheme[J].
Laser & Optoelectronics Progress, 2014, 51(9): 090602.
Iy R b W, SR — O B U R e A ko ] B 9 1 O 2] Ok SO 2R R R, 2014, 51(9): 090602.
15 Wu Xiaojun, Wang Hongxing, Liu Min. Affect analysis of receiving aperture on bit—error rate performance in free space
optical communication system under different visibilities[J]. Acta Optica Sinica, 2013, 33(10): 1006003.
SR, TR, X G AN TR AR L EE T 4 AL AR S T 2k D16 38 A5 15 A5 5 M B B2 AL 43 BT [J]. D64 %4, 2013, 33(10): 1006003.
16 Xie Mengqi, Ke Xizheng. Effect of atmospheric turbulence on the signal-to—noise ratio of free space optical system[J].
Laser & Optoelectronics Progress, 2013, 50(11): 110102.
il ol HL A BRI R T AT TE ARG {5 2R G0 A M UL 145 B S [, S0 SO i A# BE R, 2013, 50(11): 110102.
17 Garrammone G, Paolini Enrico, Matuz Balazs, et al.. Non—binary low—density parity—check codes for the g—ary erasure
channel[C]. IEEE ICC 2013-Communications Theory, 2013: 3258-3263.
18 Qin Ling, Ke Xizheng. Analysis of optical MPPM channel capacity without background noise[J]. Opto— Electronic
Engineering, 2007, 34(7): 107-110.
Z %, AIEREL. JCTE SRS T A9 MPPM {5 8 25 & /0 AT [J]. J6 L TR, 2007, 34(7): 107-110.
19 Cao Xuehong, Zhang Zongcheng. Information Theory and Coding (Second Edition) [M]. Beijing: Tsinghua University
Press, 2009: 35-45.
AT, Sk F BAS S A G 2 BOIM]. db 5T AR K2R AL, 2009: 35-45.
EERE: TRk
100605- 7



