5 44 55 9 1) ST Vol.44 No.9
20239 A Journal on Communications September 2023

LINBIESRAM—HL: BREREMIL

BRI ORZE HER
(1 PERREROR R (G SRR EE, 280 &I 230027; 2. dEAN BRI L RIE 5 0 Seie %, 2B A 230027)

7 OE: X EATE G RMEET AR, TEE RGNS SR K RGBSR HESE .
Tk, AT RINEE SR — RS, AR R — AN EEERN S — AN B O . R G
HiE 5 BB EROR, TS B . (BT RIS BEBUR R, RSG5 0 B AT 2R R B Ax
T4k 82 S G Bk B AN v, RN ER I it A B R (A5 S AT H AR BRI . RS SO S 5 I ELAS B viE
{EPERETR R, AR IE 45 78 i L2 T IR MR R A R BRI PEREAR bR, FHE T 5 R T uh im0 GardF
hE, REFIhESRME) MXR. g RERW T@E SBAMERIBIECR, JHRH T & PR MN %
W NG IR, KPR SRR N iZE AN RA RS EET AL, E45 w2 BA5 BN A R/ MUIRGHER .
KR BANEMGE; BERM—A; RGN

FESES: TN929.1

NHERERD: A

DOI: 0.11959/j.issn.1000—436x.2023146

Unified ultraviolet communication and sensing:
modeling and system optimization

GONG Chen'”?, PAN Yuchen'?, XU Zhengyuan'?

1. School of Information Science and Technology, University of Science and Technology of China, Hefei 230027, China
2. Key Laboratory of Wireless-Optical Communications, Chinese Academy of Sciences, Hefei 230027, China

Abstract: Currently, there exist few communication works which combine with sensing. It is necessary to build up a uni-
fied communication and sensing signal model and system joint design optimization framework. Based on this, a unified
ultraviolet communication and sensing framework was proposed, consisting of a transmitter, a sensing detector and a
communication receiver. The transmitter sent modulated signals to the communication receiver for information transmis-
sion. Due to the non-line of sight scattering effect, certain components of the transmitted signals reached the unknown
target which further reflected to the sensing detector for target detection. Two performance metrics for communication
and sensing were considered, including the mutual information between the transmitted symbol and the signal at the
communication receiver, and the miss detection probability for the target detector. The relationship between the two met-
rics and the transmission parameters was further analyzed, including the transmission power for the high-level signal, the
transmission power for the low-level signal, and the prior probabilities. The results demonstrate a tradeoff between the
communication performance metric and sensing performance metric. It is also shown that the power for the high-level
signal should be set to be the peak power, and the power for the low-level signal and the prior probabilities should be op-
timized, to minimize the miss detection probability given a lower bound on the mutual information.

Keywords: ultraviolet communication, unified communication and sensing, system optimization

WisEEA: 2023-06-05; fEEIEHHA: 2023-08-07

BIEEE: HRIEJT, xuzy@uste.edu.cn

EEWB: ExARRFEEHRIIIHE (No.62171428)

Foundation Item: The National Natural Science Foundation of China (N0.62171428)



ca. i

¥ ik

44 %

0 5|

J6AE KA AR B I 2 R A LT 4 07 A7 11 B
UF, R R e PR T g 3 OB IR B B A 0 SRR EE
(NLOS, non-line-of-sight) {5 #1% . U 58 & BE
WAL T IZ W I 5, (£ 58 AN Ik B AU B B 0
X — RURE 1 IO R 1 A TR 4 e i A R o R A%
R AN R FR A MR TG PR R, 4 1E A WK g
X IR T S R S RS, i@ s,
Bk A AR B R . 55 45 DA 3R S0 A R A G 4
E R L ERAR ARG . HHh, fERELLHEE
ERBRH H, To g KA U A 2 — MR LF )
WA R =,

T RIS ER, SR5ME Skt 22
IRBREEN, HBUE SRS, W ENEEOLT
A, ATLCRADGHAEIEE (PMT, photomultiplier
tube) SEILE R BT, LAMEECHM
98 TAF AL HEAS TE R 20 A% B R 220 1 5 388 4
FEES S 5% Ny 11 L R AT SS9 T
Tk HETFERFRY (Monte-Carlo) 6T 4 £k iB B
P AP G b e R, ERANRE AR
SRR A T T, YRS E A AT LB
WE) 20 L BRI TARR R G 1%
M EasE T SEmmnEEREY, It
HOCHR[18]45 Y T B HUARME E M B ARAE 5 70
AWFTETAE T T 25N Bt (MISO, multi-
ple-input single-output) JHIAE B R B 5 LA %
i (MIMO, multiple-input multiple-output) ¥f2
fEEREPY . RS M7, SCHR[22-25] M\ BUE
DI 5525 2 NMAESHT 72T PMT Bl (118
fE1HERE, SCHR[26]45 H 758 Hhid{E R H PMT #24om
M) B KSR (ML, maximum likelihood) 5 Jl 14: BE 43
Bro BE—2BHL, SCER[27-291%5 T R 2 Bk 4k 1)
HIRTHEGIE B ISR, SCHR[30-31145 1 T 7
S HMR 6 T (LED, light emitting diode) A% 4
15 38 7 95 PR 1) 5 B 5 (8 40 (ISI, inter-symbol
interference) 4N (E 5 b HE 7 i

A 5 N — A AT TR T SR 0 AE R
A, BRICEFE T LA 2 BB BB — TR,
G 5 RA ARG A TP, 55 1B L
(IS0 . Han ZEC2RH T S EBER OB fi 15
3% 2.4 GHz St LTE 1815 REE A TN iR
3% (BER, bit error rate); CHK[33-36]7#T 1 115

RGN RIAPERERISEN ;. SCER[37]3 4L T MIMO &
EAT MIMO 15 2 Gt A7 1) 3 P SRt e S50 O
Jiike BB, E SR 2 ML R SRR
FEFR—ZR EHEFRMIEAT, AR 7T
Po SCHR[38-3910F 7T 1 PR REALH I V-4l 1 & 1F R4t
IR G R, F KPR R BRI, [ ) 3
B HI TR R I R A BSR4 B e 4 A B AR
R TEXUThAE R G0 oR) Ao O gl e o0 4,
FEDRIES IR G (S T I8 S i[RI, @i 9
SRR (E TR IABEIE PR AN T IR AC TR I
(QAM, quadrature amplitude modulation) [FJIBE{5{5
B DR T 55 R IX kit 22 AN B Lk sttt
FERCA MIMO WOk, IR R 4R M-ary 7 &
HHFEEETE (MPPSK, M-ary position and phase shift
keying) K KA B FRIIARXTGE, [FI S MEEidE
S EAS R, A 5 R R

MBI EATH, 73R BARAR I Ta] PR AN R 52,

FIA BN S B, St A LM, SE
W 1+1>2 WRCR . RS E HE 2R 45K,
&5 G — IR T IR THILA @5 S PR RE . A 1)
AT B — R Ak B 9T 32 AR R T AR TS B
(1) e A5 T P R EAE B — A Tt R A, R
TR FUHE T 5 AN B RA S T8 1R I8 AS B — R 1)
PEREDUAL .

RHME B A DU T PR, 7T DAZE g R
55 52 2 Bl L 52 B 3 s R HEAT IR AR S B B AR A
W dbsh, BIMESHANRAT WA, (HEFS
A 2 R, HAEE AR AR S =4
TR A AL N FHAOME . B, FETGZeH
FERIIZ T, T DU AN ELER B3 3 B bR
G, ARJE AR @A BT A, T (R HE R
HATHERBR . WAL, BRI RIE D) Z ] LA
T, BEMR AR AT IE EL AT PARRRIELE (S S
WeoiWr AT RE T, DRETERE SR, HET, X TERANE
& 5 — AT AR D, REREEES
JRAME SR KNG BT ESE .

AROLEE T RANCHUN AL fRe 45 T SR ANk
HIAE S ERAHESE . BAAIRE SR AELE AR — 4
RS —ANERAAR I 5 5 — AN S E RO . R
o RSP RSG5 BB AE o, TS B e K.
T AN B AR B R, IR S 5 R
B JE BIE TR E bR, J5 AR B SO B 1k
PRI, SRR o B T B B 15 5 AT B bRIR



559 1

SRR BUNEAE SR S RGT +3-

WMo ARSI HREES 1R INEE 5 BAIE S
B, o ek OB S 5 RN TERE SR AR, LATIA
el (BAFR) fEovfira@EvEserdais, U
IR LR AE o B RN R R R bR . 22T Lab Ik RE
fRbr, gy M ANELE S RGITEREI T R, IR
FOER AN EAE MR AR AN PERE R RE I A 3R . HE— 2D
Hh, FETHOACEA B SR MUK BRI K,
AR SCZNE TR ANEAE I R IR RE RO . B
Ja s ARICEE HEAE TR RE 5 RSN TR RE I A BT AL
HEZR, Jfgs MBS Bt AL R EUE 45 R

1 RIMNBIERA— I LER

L1 ZIMESEEREHRE

& A RINEE R — LR G, BE K
b — MG S A A O, A 1
FI7IS o o 5 TR RNAI S FCAE A5 DU R (=)0
B ORI B85 RERE B, A #Em R
FBAE RIS 5 AT IK X I

A i o s
|
)
B
BN

BT RN AR RS — R RGHERE

RStk MR (i LED) #4755 &4,
BT REAE G BT R AHE SR g — 2%
N ity 281 368 5 9 WA oy 4D R B2 R S AL L O 1 B
B, Aoy R T A R B TN R AR R S
T TS B o MR S it 280 SR RN i 47 S
IVBE R, BRI i 3 R R B I ) Ak R A S
5, HHAT B ARSI

RN B SRS SRR, PR I v
il EEomnE 5 2 mEWImes, oA G
5, BRIEBOLTIRERY NI T RS
S BT R A R B PMT R 25 3
ITESEA H H RIS A BRI S R 5 ik
£ (1266 nm PEAD HIE S TIGES, N5
FHESHENEHEOETIEA . S SO R
TERRKBAFESS S AUE N RFS 50 000~100 000 />

T, X RINEAG S AL — R AR .
RBLEAS 5IRFIAT 5 RN B T, 7 54
SYESHOL T AR BIA R, BRI A, . R
5 I T T A, BIIE T 5O T 2 E N
AT WIARA 73 AT o BARKUL, BRAT 5 A I 18] T
WHESDCTEIR N, 4, HB2 W~ ke A
(A,7)

Pr(N, =n) =
n!

e (1)

Horb, n ARREICE SO THN, BUE.

HY T 58 A1 15 55 S R4 ) o 45 AU A 5 1) 95 5
FERpE, RO SR A ool BRIk
oo, s roh% B ST R,
PA— e M R0k m PR 5 SIRHEPE 5. BRIRR
Sl s A e P RSO p o RGHICHP R
1-p o BBEINCIRAEEEAE D)2 IR, B IET)
RAETHLERP, , BIOSP <P <P_.

ARSOF s RSB S5 RATIE S, K5
BT AR Sy b SR AN AE S IR AN B ARV BE, %
KOMBIEVERE 5 IREITERE BT, JRES B ETERE
5 RAERE IR ALRESE
1.2 ZINBEESER

BRBBE R SR GG 8N g, O FFIEEHERK G
wis PEIG R RIS RN AR R TR AR R R . AR
ST RERN E, , WG I8 (5 B 6 38 Heo (1 2 4b
J6F T DUR AL B R AT RA . W R B,
B, BT ERES LA A 5 A, HERS
A

A,_»H:PchaAgL:I)Lgc (2)
g, T E,

S U ERBNE TR, FERT T I T
A, BBHERIREINE S 2 B TEON N, » R i
B RS IO By I, R AR REAR 2 A
(Ac.HT+AbT)n e A yT-A,T

Pr(N, =) == 3)

2RI S SR AT TR B, R A0 BA
¥ o3 Aii

OLLT+/%TYeﬂhJ%J

Pr(N, =) == @)

K IEIEE RIS S X, 2 X =0 Bf ZHHE
HSFDIR P, X =1 RS EEFIhE R, FIE
Pr(X =0)=1-p, Pr(X=1)=p, Hi pERrEkY



s i

palll3

L o044

Uity I v LT () SR BN 2R o IR (5 T DL
ANRFRIES X i VEBOG TN, ME S
1, HREHEBMEN

(AL T+ATY

A T-A,T
5
. (©))

Pr(N, =n| X =0) =

(Ac,HT""AbT)n e—Aa”T—A,,T (6)
n

ST DL R A MR, 7T DI L4
G f35 i R T A S 5 R A
ORGSR TR B, L RHCPIIE R
LI S B R P T S B B p T DA AT
S RGHEREMIR AL
13 MRS SER

S B R A S g, LR
BRGNS . TSSO S ERI TR K,
R 1 5 515 -t DL P I 1 i i
K. KRR R, BT HES AN A, , 5
A,y . RS BN

s

Pr(N,=n|X =1)=

hig, A,
s, H 2. l b AS,L = Z, (7)

RT3 R PSR L BREO AR e . % T
9 F b, FA7 7R T B U AE R ] T P9 T A
TR AT AT A B ARAFLERT, 0
Z=1, BOMBENE S IR NN g, 0 ko
FRARTEAERT, 0hZ =0, MBS = bk
W 0. BT LA, B SR
THON N, , WA SR % T B AR 2406
LE,

P

Pr(N, =n| X =1,Z=1)=
(A.\'.HT +AbT)n e—ALHT—AbT

n!
Pr(N,=n|X=0,Z=1)=

(A.c.LT +A4,T) e AT AT

n!

Pr(N,=n|Z=0)= ﬂe’“ (8)

HF UL ESR, T HBAE (Z=1) 11
o, H
Pr(N, =n|Z=1)=

Pr(N, =n| X =0,Z =1)Pr(X =0)+
PN, =n| X =1,Z=1)Pr(X =1) )

ROVRARIEN A, T+ AT AR A 5 H1E
N A LT+ AT E AR S E R A, JF B
Pr(X=0)=1-p, Pr(X=D)=p.

#£F Neyman Pearson A5G HESE, 7] LAXT H
PRI FE AT Gt i S R . 25 R 2 Rk
A, B Ho 5 30, Ho, Ho Rom BERALE
fE(Z=0), M FmBIFE (Z=1). HERH
T PR ER I s A M 20 N, RA] Neyman
Pearson B IGHELE, Kl ¥k RN

(A4, 1) —A,T
€
n!

i Ho: Pr(N, =n) =
,TE/%&}[]: Pr(Nv:n|Z:1):

n!

(As,HT+AbT)n Ay T=A,T
e M p

(1-p)t+

n!

AR Neyman Pearson ik S0 HESE , RI7E
RN K T — NREM AT T, S/ ML TR
Ko FEUTF SR

Pr(N,=n|Z=1) _
PN, =n|Z=0)

/1 ’ n
( s,L +1j eiAS‘LT(l—p)'F

Ab

A 4 !
| et (10)

b

ATRUE H, 20(10) s AAER EL Bl 5 s il 210 1
Bon P38 MTIE M. B, Neyman Pearson iR A%
5 Ay DASR FH 16 B 006 T OB Rk AT, BRI
BT KT HBME N, B, B H 0L 2986
MZETHn AN T BT HEBIE N, N, B Ho %
3o BH N, R R E MR EAE o BSRIE,
HIES)
et (A, T) —A,T
— e

<l-«
n=0 n!
Nu (A,T)"
Z—e( b') B (11)
n=0 n:

ST BIE N, » WTBLTHR S BRI IRy
B :A’\Z’Yﬂ:Pr(Z\’.v =n|Z=1) (12)

A (12) 2 K5 v s P DI ZE Py o RHF DD &



%59 1 SRR BUNEAE SR S RGT °5-

P, LRSI p ek 2k, w] DL B /MU TRAS
M P RAAE B AR AP RE .
2 EIMBIEERRFMERE DT

SANEAS B — R R o dT R 2 B
TNe RASHATE R YR B, AKHSFIIE B DL
KACMER p, AT LA H R AMEAE A AL i id R
CRAHAZ BHATRID) SRR BEX LS H01
A FR . KR RLE 2.1 55 2.2 FiddHTieg
WIE, IE0RIHERE 1 582 4.

— o REE RS sy
SOOI FLAZ R LR

s /Y

A .

pyal 7. P 5

:m-/\H \' UM ‘W

Pl )

ﬁﬁ\\\ Y

/

SO ERIAMER P,
2 BAMEBAF I — R RE 20 i D

2.1 ZEIMNBIEMEEIERS S

FAMEE ) E E VR TR bR AL HE ATk R i R
HiRAMEZ . BT al kA 2] DLgs i 7E R 4
FEYmBE 25 T AR R R IR, A SO o]
AR R, RAEER I(XGN) #D), HhE
ERIXGN,) NEHRSFIIR B ARHT IR B L
KB NER p R, BARkUL, T MR
KPr(N,=n|X=0) 5PN, =n|X =1), 4K
MER p=Pr(X =1), AHLEER

R(B,.P.,p)=1(X;N,) (13)

PLR S50 25 T nl A (RS 2 R(P,, P, p) b8
mHCFIIR B SIRHESF DR B RN, w1 LAME
AR D ZEARACAKTR o

EE 1 NTEEARME p=Pr(X=1), 1
IEALHE AR R(Py, P, p) B i H T D3R Py HOHE
WG, BEICHSTIIE BB

UERE EeRE T H/RAIR (Markov) BEE (S S
HIANHGREE, UEBA AR R % R(B,, B, p) M=
SFIhR P NG, Hod Markov #ERIE A% OFE T
K38 Y KA 73 A i) Thinning 13 F21,

T e45 H Thinning it F2 MR~ . X TR
RN, HBEEN g B Thinning i3 F2 B PA T #9244
M5

N .
Pr(m|N,q) =(qum(1—q)‘\"",0< m<N (14)

P RS2 K
PR R B2

B2 N BAE N AR, BAPARMST [R5 A DA
q MNERARTE, 1—q MR EFE, BEEIRm AN
IRIIRER . EFGHARA AT, W LA A1 A 1A
oA, SN ¢ I Thinning R, W2
8 g A RS oA, FAUERA AT DUE I iR MR
Seh . HARKYE, %7€ Thinning 725 4 m A
R, A

2% A NY e @A
Prim) = 3 4 [qu (=g = 13)

HFUL RS, B, FEA > A, ]
BRFTHNE S X =0 N ElUE 5 N, ~ Poiss(4,, + >
Ay) RSFRNE S X =1 WH8UE5 N, ~ Poiss(4,,, +

, . As — A .
2,) » ¥ Thinning i ¢ =", &t

Thinning 172, HASIIETEC N, HUTFY5

, . j“c.1—1,1 - ﬂ’c.L _
N', ~Poiss| (A, +4)———— |, X =1
ﬁ’c H2 A L

' . ﬂ’c.H,l - ﬂ’c.L _
N', ~Poiss| (4, +4,)———— [, X =0 (16)
4 H2 ﬂ’c,L

4

o, s E g s Y EN
(Aop +4)(Apz —

Ao ZRena) gy gy 45 85 9040
Markov 182, /AEDEFH N . WEATFXE

c

N", ~Poiss(4,y, + 4,), X =1

N", ~Poiss(4,; +4,),X =0 17)
ST UL ERiE, AT RAAS H BN B Markov 5%
X—>N, ->N'.->N", (18)

HF Markov 8 HA5 B AEEES), Areifg
HEAERBE A, M. BT 4, 5 B A
LRIEICFR, NI AT LARR AT IR 4 3 R(Py, B, p)
i e P TR By (N 38

I, TR IIER , A, <A,-
KR BE S X =0 WHEIE S N, ~ Poiss(4,, , +
A,)» RETRAGIES X =1 KIS N, ~ Poiss(4,, +

2

w4 .
,mc%%Tmm@ﬁﬁmzjiﬁfi,ﬁ%%ﬁ
eH ~ L

gty g Gen P A s = Aora) pog st gy

eH ~ 7Ll

Jnf Markov i #E, W] AR IE H 2RALLE) Markov 4,



o i

e a4 5

MR BAS BBE A, (¥, A, 5
P AR R R, N0 LA R(B,, B, p) BEE K
HSP IR B 3Nk o IEEE.

BT UL Emghie, v RIS Oy KA A A
HARER(P, P, p), AR 2 HAREEZAR T,
e KA O Th R B, A /MUK LT A% B o 3
P . VL EEw 5IEE KRR &I RAENS S, @
RN HCP IR By S5 ME AR TR B,
W 4 1F 4 i PN, =n| X =0) 5 & {F o A
Pr(N, =n| X =1) Z A ZESR, HEEEHERE.

2.2 EINEAMREIRIRS SR

S AN BN R T RE i AR 32 BTG 4 5 R A R
BIE o FHITRINER P, o A SCHEFE P, A AR
mtEReMtebs. BT P, NREBTFIIR B L KT
UiZ P UL RSEINER p=Pr(X =1) B, Ktk
Hid NP, (P,P,p) -

AT R BRI o , e R N,
PUREEREAH T AR ARMR p=Pr(X =1), I§

No (A T+AT _, ., N
Ko Py =3 —————e """ (1-p) i

n=0 n!
RSP By FMRHLFI)EE B SRR PR SC &R
FIE 2 EERLAERNBEDN, ST ESLR
WEK p=Pr(X =1), THORER P, (B,, B, p) BT
D By AR~ B RO S, tesh, IR
K% Py (8. B p) BB p RN
MERR AEES ERIBIE N, . TS RS

LESE
(A, T +A,T)

Rnd :Z

o AT =T (- p)+

n=0 n!
AT+ AT o "
n!
s e, S o5 9 g
oA oA

B P BEA,, 55 A, R, BT A, 5P

SREMRR, A, 5P, RAEMRR, WL

P 6 B, 5 P, MO
5771, %58 P, B p KRR,

8Pmd N, (AX,HT+AbT)n e*As.HT’AbT _

)

ap n=0 n!
! (A,,T +A4,T) o A=A

2,

n=0 n'

(20)

Ny
(AT +A,Tye ™
HREHRELF(A) =12

b2

n!

oP,

AR, TS H a;“ <0, Mnf5 Rt

P (P, B, p) BESEIMEZS p BRGNSk HE R

T UL BRI, e/MURR SR
Py (P, P, p)» T ZAEi Sl (EERERIZIRT, SR
W R~ DI By M MRS Ih R B o BLESSR
5 HBRRGBOHFE VRS, SN a3
B, 5REVMEHESFDIR B WA S H, 5ER
OB H ) B AT ZEEE, e HARERA RGitRe .

25 58 R B i R FH T R4 (OOK, on-off key-
ing) ], BMEHEFIIE R =0, WA, (RLP,p)
WRWTF KRR

N (ATY _,

R =S gy
n=0 .

(A.V,HT"'AbT)n e—/lLHT—AbT =
n! rP=

Yo (A,T)"

Z( b ) e—A_\_LT—AbT(l_p):

n=0 n!

(I-p)-a) 21

PAEZE R 7R OOK I HIHEAT H AR AN
R/ og) 7 S N 1 P e 9 e (= 2 - el O L p
R, IR p AREREID 1 GEFBUEN 0.5 24D,
MITTIRASE LR P, AR — DA RIS R 5 Rk,
YR A5 R 1 [F]IN SCEOR IRNAER P, PREFAE
RARMEME, ARk OOK i, mZEdEIEE
DR iNE R GRS

3 FIMBIESRE— AR
31 KINBES BN BRI

AP B G T IA AL R R(B, P, p) 5 IR A
% P (B, B, p) B T D)% B, 5T I % B,
[T, W 1R,

F=1 FIARHIRE RP,,P,p) SREEEE P(P,.P,p)
MESEFIE p, SEEFINE P, EFMN

PRl RRTIE DR, IRRTIRR kKM
L B — — ‘
R(P,. P p) R S SRR
e - - -
Poy(PasP..p) A H B




%59 1 SRR BUNEAE SR S RGT <7

HE 1 fJRUE ., e ) as A ok 3
R(P,, P, p) B/ NFKAERE Py (P, B, p) » E T
WMLV KA P, - 7, Nizitibik
PRSP IR B 5% p=Pr(X =1), #ATH]
IEAEHE R R(By, B, p) SRR P (B, P, p)
(AL o
32 EIMBRIESRHMARZML

BT 3.1 WHEHBIAHT, AT RARE T )R
NI KAE P, o« HRELE— 8 B AR R AL T
FEE r ERT, sOMORREBRE PR, LA
P (r), EDE TR AL i)

Fa(r)= _ min BB L5 1)

0<R <P <0 p=l
st. R(P,P.p)=r (22)

B oL Bt A 2 MR AR =
(P, p) » " LLERE G IX 2 M AR 34T 55 R4 &,
&ﬁ#A%%%#mm%E wARAR, SRJE MR

B/ NIRIES RER P (P, P, p) -

BT UL i, nTURH P (r) R
BIE » M3 INTEEIn. CARAH P, (r) B E XU,
RIS r (VG E, DLRKE NI RR AL P, (r) B KA
/M .

I3 P, (r) BEEFBAE r FIG NN, I
HAEWFERR

g(A oI+ AT rai PL<
) )Z<73
lfﬁyAmmirAﬂjeAmﬂAg (23)
Heh, TR =0 WP =P, B p=1, LHY

r—me(mﬁp%R@m&p)ﬁmﬁo

0<p=<l

WERR B4e, SRR ¢ I EROE N IEAE R
Kol fesmE % . HT R RP,, B, p) b P13

N A NI TESE TP

r< max
0<P <P, .0<p<l

R(Rnax’ﬂ’[)) =

max R(P

max * )
0<R <P, .0=p=l

ik p = p i, AIIAEHRIER R(P,,.,0, p) B
RAEL, 0] b i Js s A 2 B K ABL A

24

AT
—

Pmd(Pmax’O’p*) z (1 )

n=0
(As,maxT + AbT)n ~Agmax T =A, T =

€ p (25)

n!
P
;H\:EF' , A o = maxg
E

Fk, HBME =0 I, LIk ik R f) PR 3
ff & 0<P <P 0<p<I1 ¥ . ¥ F

md(])max P p) XTP '55'45%1‘%5 P E/Jﬁ‘l}aﬂ l\iy Tu
B =P, B p=1 i, JetMR R/ IME N

R(P,,P. ..p)=RP, ,P,1)=

max >~ max ?

i (As,maxT + AbT) A AT =AT
~ >
n=0 n'

BT ULER M, WS P, FHUETE DY

i(AsmaxT—i_A T) nax ] —ApT <P (V)<
— ! md
(AU
>Z
*Nh 1(/1A'maxT+/1 T) ~Agmax] =4y
p ZO . p b e Ay max T =ApT (27)

B FESERRN AT, AT AT TS AN A 1
T HRIRSHA G, UBRIEITEN AN,
RSEm TR 2 .

4 BEZR

K 1 A 266 nm LAMEBEES H
PR, ARG SHANE 2 P, B5 5B
W3R PMT 5856, Bllonss & & 7acE
9 10%. 815 5 I EE % I3 100 dB, M F
LR BB BRSO 131071, il T BERR SR SE A
P, TERA PMT #H78 F4AE SHEESH

PRERI . AR BAE AT SIS A T =1 ps .
=<2 KBRGEH
LU 9" HfE
RSB ThH /W 1
PMT &F 3% 25%
TG B A 40%
TS 5 IR E % 25 08/dB 100




.5 i

L o044

H B RHE ] DUMAS i METRI R P
FERERETYRP, =P, =1W, JHRLEE
I B SRS 1 R p, 4E R EE
MEAREEE, ElCBEEREERIGN)=r N
AR T, S MUIRRESR P, .

B3 an i 7 PR B =1 W, ARk
BN R T BB BLAE BB P I R 1 AR L
Ho WEI3TTLEY, SEkiM®p, HERME
(RS PIRE St i N1 A N . £ s = (A R P
X L RS 5 A AR AN TR . FEA T T e %
T, EAREHESIME p MBI de g w55
& HAZ BB S50 M 1) AR A A

Ojl OTZ Ol.3 014 0?5
AL AW
3 RSN 1 e 115 BB DR B s

Bl 4 45 T RS BE o = 0.05 B, AR
IOAEER TR A R 5P IR MR R A
Bl 4 v DAE H, IRRESE BE SEI0MERE p IR i e i
AN o 1S i v B N iob ey I TRV A N DY
BEAIR, p BN SR AP D238 I E R 5 5 R 1
I, IS S 2 AW, PRI AL
P, . EEE, SKEFIIER =08, JREMERE
EAMET (1-a)1- p), FERQOZL LR,

1.0
—<¢—p=0

—e— p=0.1
0.8 —e— p=02
—p—p=03
—»—p=04
0.6 —8—p=05
52 —6— p=06
& —— p=0.7
12 ) 4 —a— p=0.8
’ ——p=09
y —+—p=1.0

0.24

E

01 02 03 04 05 06 07 08 09 10
{RHL I3 /W

4 AFEFERBER TR R SR P DRI R

B 5(a)2 T AN A R A B TR AT R S
SRTRLN r KRR WE S@PTULEH, B4 E
MEERRET, RGN BAS 5T FL90 r 113
IR, X2 EAE RN AL g T
WAL IR AT AT, 4558 BAG B R r, BEERE
LR BE o A 0.3 J8/NE 0.1, Al P, (r) IRIEAESR
AN, BEAh, HREMR R o BUNE] 0.05 B,
TR A AR T, KRR T Y a M 03 N E
0.1 i, BSHAUEBME N, A28, NfifES e EERT
FLYH B, A IR R AR AL, SEURAEE R Py (r)
BN Ma=0.05 I, BHCSERIERLESE,
MR EE R A=A B S(b)2h Hh T AN IR R AR
BRI o SIS S RSB UL IV,

107F

—_—0=005
------ 0=0.1~03

S

TSR

1ok
0 01 02 03 04 05 06

07 08
f

(a) 1] R B BME T A E R 5 LA B T AU IR R
2.0

0.05 0.10 015 020 025 030
HEEER (A

(b) 7 [ K 4 RT3 ) (B 7 P 85 i AL

B s AR RSB N RIGHR S EAE R T RLE r FRRKAR
JRE B 25 R0 2 2 A R M

¥l 6 2 tH T AN TR B R Tl 2 BRI J o A % B L
SETRAR KR, NE 6 TLLEH, ek
Y% P, » BIKFEME P, () MEERTRA
W BRI . BEAE W E DI N, e B
FRTFAANR r, RIURRME P, (r) BEF BN,
AT RARIEAME P, () R HPIIE P,
(SR 1 BT R E 1

K74t THEEE FRLRr =061, il
fift 5 R B ARIRA A 2 X L. B 7 T RAE
LI DI B, ARSI p 0 R IR A A
P (n) BRI S IR



59 39 SRR BUNEAE SR S RGT ©9-

10°

._.
<
3

)

—+ P, =05 —-P,=15 P, =25
- P10 =P, =2.0 8- P, =30

1018 L . ; ; I I I
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8
r

6 AT AR I IR R B AR R R AL SRR

01 02 03 04 05 06 07 08 09 10
SRR

K7 S At IR A r Xt L
5 SCIGHER

F AN 1 BT 0 5 g SR AN g @ A
B BER R, W 8(a) s 1SR 5t
o N E A T R RER I RE R bR . RS SR A
Kl 8(b)TnfE4h LED 4T, HEllon R Wik 8(c)
Frni) PMT #2085 T o RIS &t
B 8(d)H 1 s S 3% B s S A R R M, HL R0y
155 H B R B m S o, AR PMT
) 5 B i B 1) 52 90° o R g e EEL ST T R 43531
HL 0.6 W.0.8 W, (K HLF- D2 73 51| HX (0.2 W, 0.4 W),
(02W,0.4 W, 0.6 W), KikFeIumE= 0.5 1 0/1 FEAL
FF 3 o [T, 22 o o B 1k b 2 326 256 bt (I 5 281
D AR BN ER I oy S w5 Bl A T HE E S 4L

Bl 9 5K 10 20lg T BAS RS IR NERR b S
P D36 541 H P DO AR A ) SE AR « ks, 1110
MXTHE T IR R SNBSS B TR, BRI
Wi i 8 ST EESE (A, A, 4,)
THEACBE N, » FERIETE SN, Soitiek

B [FR, BT EES A 12), 53]
ISR R EeTH R . A 10 FTRAEH, #git
SFAH S MEAE AR, R PR TSR RE
B RCHERA I RSB R e B 10 B8 T ASC
HES B SUHERA T, I E E B — et
MHEZR Py BRI 1 et 3%

(c) PMT (d) B3R
8 SUWHE

0.9

08t

0.7 g
06 [
05

E1=S

04

H

03F
02

0.1

O0.2

04 0.6
fIRHFHR/W

PO A5 IR e Y- D A S I Y- T A A A i ST KA

0.07

—e— P,=0.6 W, Szl
—a— P=0.8W, il
o P=0.6W, B
g P=08W, By

0.06

0.05F,

#0.04}

2

12003
0.02g.__

001}

0.4 0.6
fIRASE IR /W
B 10 JtamiRp e, AT D GG R P D) AR AR A S S e T



10

5
b

e a4 5

6 ZERIB

ALY T TR AN B IS SRR R S
HEZR o 5 Sk b 5 S O o 435 5 2308 5 R W im 3R 4T 15
AR, BRI T H AR RN S T it
AT EARERI o AN SCBRSR ) R 5 i A S5 5 S
W 5 A B Nl E R RE R bR, AR
I i 72 25 5E R B AT A Jhe RS ARE 3 A D Rk 1
fRbR, JEHTIX 2 ADMPERERE AR R o iR i 2 4

(RSP IR KA IR SRR KR,
ETFofras R, Wt TR ANEAE P RE S R RE

IR R Z2,  FF 4 H R ey H 1 ) 28 45 U {E
i, BARB- PR S5AERMEFENRG RIS
AT AL

AIALEE 1 T RN BB (E 5 IR RS HE
B, WHRZ FEEBN A Flh, H—25%
BIBE SR ARG, KHZ W SR TS
PRI, B3k AT A4S P 1) 7 51 5 B R A S 1
The MEAh, MBS 5 IR AN SIS IE RS
RREBEHRTIEZ—.

SE WK :

[1] XU Z Y, SADLER B M. Ultraviolet communications: potential and
state-of-the-art[J]. IEEE Communications Magazine, 2008, 46(5):
67-73.

[2] AUNG T Y, ARYA S, CHUNG Y H. Performance dependence of
non-line-of-sight ultraviolet communications on atmospheric parame-
ters of the ultraviolet channel[J]. Optics Communications, 2019, 443:
7-11.

[3] DING H P, CHEN G, MAJUMDAR A K, et al. Modeling of
non-line-of-sight ultraviolet scattering channels for communication[J].
IEEE Journal on Selected Areas in Communications, 2009, 27(9):
1535-1544.

[4] XIAO H F, ZUO Y, WU J, et al. Non-line-of-sight ultraviolet sin-
gle-scatter propagation model[J]. Optics Express, 2011, 19(18): 17864.

[5] CHEN G LIAOL C, LI Z N, et al. Experimental and simulated evalu-
ation of long distance NLOS UV communication[C]//Proceedings of
2014 9th International Symposium on Communication Systems, Net-
works & Digital Sign (CSNDSP). Piscataway: IEEE Press, 2014:
904-909.

[6] LIAOLC,DROSTRIJ, LI ZN, et al. Long-distance non-line-of-sight
ultraviolet communication channel analysis:
modelling[J]. IET Optoelectronics, 2015, 9(5): 223-231.

[7] BORAH D K, MAREDDY V R, VOELZ D G. Single and double
scattering event analysis for ultraviolet communication channels[J].
Optics Express, 2021, 29(4): 5327-5342.

[8] SHENZ Q,MATJ S, SHAN T, et al. Improved Monte Carlo integration

models for ultraviolet communications[C]//Proceedings of 2020 IEEE

experimentation and

20th International Conference on Communication Technology (ICCT).

Piscataway: IEEE Press, 2020: 168-172.
[9] SUN Y, ZHAN Y F. Closed-form impulse response model of
non-line-of-sight single-scatter propagation[J]. Journal of the Optical
Society of America A, 2016, 33(4): 752-757.
DROST R J, MOORE T J, SADLER B M. Ultraviolet scattering
propagation modeling: analysis of path loss versus range[J]. Journal of
the Optical Society of America A, 2013, 30(11): 2259-2265.
DROST R J, SADLER B M, CHEN G. Dead time effects in
non-line-of-sight ultraviolet communications[J]. Optics Express, 2015,
23(12): 15748-15761.
EL-SHIMY M A, HRANILOVIC 8. Binary-input non-line-of-sight
solar-blind UV channels: modeling, capacity and coding[J]. Journal of
Optical Communications and Networking, 2012, 4(12): 1008-1017.
WU T F, MAJ S, SU P, et al. Modeling of short-range ultraviolet
communication channel based on spherical coordinate system[J]. IEEE
Communications Letters, 2019, 23(2): 242-245.
CAO T, SONG J, PAN C Y. Simplified closed-form single-scatter path

[10]

[11]

[12]

[13]

[14]
loss model of non-line-of-sight ultraviolet communications in

noncoplanar geometry[J]. IEEE Journal of Quantum Electronics, 2021,

57(2): 1-9.

FREY M R. Information capacity of the Poisson channel[J]. IEEE

Transactions on Information Theory, 1991, 37(2): 244-256.

DAVIS M. Capacity and cutoff rate for Poisson-type channels[J].

IEEE Transactions on Information Theory, 1980, 26(6): 710-715.

[15]

[16]
[17] WYNER A D. Capacity and error exponent for the direct detection
photon channel. II[J]. IEEE Transactions on Information Theory, 1988,
34(6): 1462-1471.

[18] CAO J H, HRANILOVIC S, CHEN ]J. Capacity-achieving distribu-
tions for the discrete-time Poisson channel—part I: general properties
and numerical techniques[J]. IEEE Transactions on Communications,
2014, 62(1): 194-202.

[19] LAPIDOTH A, MOSER S M. On the capacity of the discrete-time
Poisson channel[J]. IEEE Transactions on Information Theory, 2009,
55(1): 303-322.

HAAS S M, SHAPIRO J H. Capacity of wireless optical communica-
tions[J]. IEEE Journal on Selected Areas in Communications, 2003,
21(8): 1346-1357.

CHAKRABORTY K, DEY S, FRANCESCHETTI M. Outage capaci-
ty of MIMO Poisson fading channels[J]. IEEE Transactions on Infor-
mation Theory, 2008, 54(11): 4887-4907.

HE Q F, XU Z Y, SADLER B M. Performance of short-range
non-line-of-sight LED-based ultraviolet communication receivers[J].
Optics Express, 2010, 18(12): 12226.

GONG C, ZHANG X K, XU Z Y, et al. Optical wireless scattering
channel estimation for photon-counting and photomultiplier tube re-
IEEE Transactions on Communications, 2016, 64(11):

[20]

[21]

[22]

[23]

ceivers[J].
4749-4763.
Z0U D F, GONG C, WANG K, et al. Characterization on practical
photon counting receiver in optical scattering communication[J]. IEEE
Transactions on Communications, 2019, 67(3): 2203-2217.

JIANG Z M, GONG C, XU Z Y. Achievable rates and signal detection

for

[24]

[25]

photon-level photomultiplier receiver based on statistical

non-linear model[J]. IEEE Transactions on Wireless Communications,
2019, 18(12): 6015-6029.
[26] CHATZIDIAMANTIS N D, KARAGIANNIDIS G K, UYSAL M.



559 1

SRR BUNEAE SR S RGT

11

[27]

[28]

[29]

[30]

B1

(321

[33]

[34]

[33]

[36]

371

[38]

[39]

Generalized maximum-likelihood sequence detection for pho-
ton-counting free space optical systems[J]. IEEE Transactions on
Communications, 2010, 58(12): 3381-3385.

GONG C, XU Z Y. Non-line of sight optical wireless relaying with the
photon counting receiver: a count-and-forward protocol[J]. IEEE
Transactions on Wireless Communications, 2015, 14(1): 376-388.
GONG C, WANG K, XU Z Y, et al. On full-duplex relaying for optical
wireless scattering communication with on-off keying modulation[J].
IEEE Transactions on Wireless Communications, 2018, 17(4):
2525-2538.

ARDAKANI M H, HEIDARPOUR A R, UYSAL M. Performance
analysis of relay-assisted NLOS ultraviolet communications over tur-
bulence channels[J]. Journal of Optical Communications and Net-
working, 2017, 9(1): 109-118.

GONG C, XU Z Y. Channel estimation and signal detection for optical
wireless scattering communication with inter-symbol interference[J].
IEEE Transactions on Wireless Communications, 2015, 14(10):
5326-5337.

WEI Z K, HU W X, HAN D H, et al. Simultaneous channel estimation
and signal detection in wireless ultraviolet communications combating
inter-symbol-interference[J]. Optics Express, 2018, 26(3): 3260.

HAN J P, WANG B, WANG W D, et al. Analysis for the BER of LTE
system with the interference from radar[C]//Proceedings of IET Inter-
national Conference on Communication Technology and Application
(ICCTA 2011). Piscataway: IEEE Press, 2011: 452-456.

BELL M R, DEVROYE N, ERRICOLO D, et al. Results on spectrum
sharing between a radar and a communications system[C]//Proceed-
ings of 2014 International Conference on Electromagnetics in Ad-
vanced Applications (ICEAA). Piscataway: IEEE Press, 2014:
826-829.

CORDILL B D, SEGUIN S A, COHEN L. Electromagnetic interfer-
ence to radar receivers due to in-band OFDM communications sys-
tems[C]//Proceedings of 2013 IEEE International Symposium on
Electromagnetic Compatibility. Piscataway: IEEE Press, 2013: 72-75.
LIU W, FANG J, TAN H F, et al. Coexistence studies for TD-LTE with
radar system in the band 2 300~2 400 MHz[C]//Proceedings of 2010
International Conference on Communications, Circuits and Systems
(ICCCANS). Piscataway: IEEE Press, 2010: 49-53.

KHAWAR A, ABDELHADI A, CLANCY T C. A mathematical analy-
sis of cellular interference on the performance of S-band military radar
systems[C]//Proceedings of 2014 Wireless Telecommunications Sym-
posium. Piscataway: IEEE Press, 2014: 1-8.

QIAN J H, LOPS M, LE Z, et al. Joint system design for coexistence
of MIMO radar and MIMO communication[J]. IEEE Transactions on
Signal Processing, 2018, 66(13): 3504-3519.

CHALISE B K, AMIN M G, HIMED B. Performance tradeoff in a
unified passive radar and communications system[J]. IEEE Signal
Processing Letters, 2017, 24(9): 1275-1279.

CHALISE B K, HIMED B. Performance tradeoff in a unified mul-

[40]

[41]

[42]

[43]

[44]

[45]

ti-static passive radar and communication system[C]//Proceedings of
2018 IEEE Radar Conference (RadarConf18). Piscataway: IEEE Press,
2018: 653-658.

HASSANIEN A, AMIN M G ZHANG Y D, et al. A dual function
radar-communications system using sidelobe control and waveform
diversity[C]//Proceedings of 2015 IEEE Radar
(RadarCon). Piscataway: IEEE Press, 2015: 1260-1263.
HASSANIEN A, ABOUTANIOS E, AMIN M G, et al. A dual-function
MIMO radar-communication system via waveform permutation[J].
Digital Signal Processing, 2018, 83: 118-128.
AHMED A, ZHANG Y M, GU Y 1.
dar-communications using QAM-based sidelobe modulation[J]. Digi-
tal Signal Processing, 2018, 82: 166-174.

YAO Y, ZHAO J H, WU L N. Adaptive waveform design for MIMO

radar-communication transceiver[J]. Sensors, 2018, 18(6): 1957.

Conference

Dual-function ra-

GONG C, XU Z Y. Temporal spectrum sensing for optical wireless
scattering communications[J]. Journal of Lightwave Technology, 2015,
33(18): 3890-3900.

COVER T M. Elements of information theory[M]. New York: John
Wiley and Sons, 1999.

fEE &N

#ER (1983- ) , 5, wHRHMA, L,
HhE R AR KRR AT,
BRI AL LR ELEBES T
e RBHRE .

BER (1998— ) , B, THEMAN, F
ERFERAR R A, FEHRTIAA
T EImTE

BIETT (1965- O , B, IWHEMA, HL,
HE R AR K207 A S, EE
WFF T ORI ZEIEME . E LAl TG
BE. BaiEfE. TRBERHES.



	01-220776-ıh.pdf

