5 x4 x
XXXXE'EXH

BT 5 fF B

Journal of Electronics & Information Technology

¥ IR Vol. xNo. x

Jul. xxxx

Nakagami-m{518 N5 & PR FFIR I FRIFR#

BIEfEm 7 RN

ik

BEY % Y R TY Rk REEY
V2MRBRFOTEELTARER 2 T30070)
Dbk T AREAARFTIENG A 610031)
O(mab FHERERNLE LL24%K B T10071)

B

OB FPIERREAE Tl E R Bk A A SO R N R, OO T AR T rh gkt B AR R HE
Pl (5 At W OB P kS B AT AT Bl S B A% s, 5 R 4k 0 5 TARAE SR It v 8-~ X TR K/ 4
TR, meftrh gk-BENLAL SR, AL A aC-BE AL b 4R AN e DL b k- B A% 4k 20, 7 Nakagami-m B89 (518
ARG AR YT AR T A TR A b 4 T BRI B R A S, DR ZIEAS RGAE 5T 2T e
o DT AR 3 A i e 3 1) P SRR 3 5 SRR WAL U 1 BT P Th R B RIS, A2 M Wi oA 00 B 5 PR E 0 0
55, AR ORI T1; BA b 4k SR T7 A TSR PE A SR vE 5 T A 28 R B AR, 7 H bntda

HRETF6.5 bit /(s - Hz) B,

27 G S P TR e e X TR T S FAIK6.9%

REIR: RHOEE, BCESE hakERe RIEHRER, Lharh g

FESES: TP309
DOI: 10.11999/JEIT260287

1 358§

i =5 4 B PO T o e e 2 7S AR FE Bl A5 H R
FIH I, PBEI RS A8 Bh 25 /S AR sl (5 BoR FR 4t
HIE o8, E AR R AR S B T BB . [
B, BT LG ERF R =, (15 % R
FEAmE SR, B2 EER MG T
FPBHZE, WRIC EE D BdE L 2 28It
L2 g N R W 6 2 AR EU ., W
PEZ AR Z N ZERBEREE SN
%, TS AEA P 2 RIEFEEIT N, BUEER
FWH 2 22 &Rt AR 2 BB RS . BT
— 55, BRROAGEEAN—MRRBREIEGEIT AR S
8T Y 22 4 R 52 B 8 ey B, BROlE {5 B
T PR A st B2 AN R A I, B v B s
Wi, WRESEHE B efembo. Hur, Fa
WOBGEH AR CAEZE S B L s A5 232 B
H, iR BUEAE B A PR R sE B

YRR E 20260313 BilEl A#A: 2026-05-14: FI&LHIRR: 2026-07-07
MEEEHE:  FIEM huanghaiyan@mail.lzjtu.cn

EEWH: ERARRFEETH (62461032/162001359), 21Tl
FHAERAA G L (2025-QN-071), HHH E A &L
(25YFFA089), %38 k5 5 MU & i H %58 (ZDYF2304)
Foundation Items: The National Natural Science Foundation of
China under Grant (62461032 and 62001359), Lanzhou Youth
Science and Technology Talent Innovation Special Project (2025-
QN-071), Key Research and Development Program of Gansu
Province (25YFFA089), Key Research and Development Project
of Lanzhou Jiaotong University (ZDYF2304)

HERFRIREG: A

XEHS: 1009-5896(2026)00-0001-11
CSTR: 32379.14.JEIT260287

TS A5 3 % SR AR 10 e i B 3 DAL T A
D, HEAE PR A AT SE AT 38 e 52 BIR A . T
HRX—JRBR, gk gk R gz 5l A BRkGEE
FEH o SCHR[S] AN STHR[9] 45 H To 2k iB A5 & g w] AAI
kY L LAR VG, A R 3 AR 4 3 5L
(R FE B9S2 BRI A, SCHR[10)38 7 T 4k e s R 4
SOEEEARE L DR B, By e m i
IR A R BLRRBOE S, Ve ZiiE Rgtheft 1
W22 e . BAh, mad BhA ] 4k B Bk
FIDEAL R R 75 58, AT DARY 33 B R 2 A5
FEHOEE RGN W B0 TR Zh 4k R ST gkt %
I, SR 14 308 o A 0 3R R 5 A1 Ry R ok
WIHEAR AT, UEWILE 2 R4k RGP & B FE R 4R e
R TH R MR 1 7> SR a5 . STHR[15] 4 BE AL L £¢
A DI % 2 35 A o b 4 e 37 SR S NP5 3%
S, b o gk AR B s LB Rk R R R Ik e S R A
TREHLESE . SCHR[SJEE— D4R th M E T I 5 h 4k ik
0T il 1 BE IR A LA BETE, AR PR T DA B
N, ATRFERT RG] SN S .

EAFE R L 5% T rp e 5 14 B E 15 1
FER 2 2T 4R [ e A AUREAT {5 5 IR S
Ko FETHX e AT 5E 55 MR I SE SR ) DK X 3 S5t
s SR SR L £ 1) o 4k 05 58 S8 RE R o HL A
ZARMIAEL . PRI, SCHER([16]0) SR FH TR B sl i
R 5 1) 22 B T 4k SR e AT T Bk kB R PR REXT
b, SR BRI E DA ELL T, PR
i A 2 B o i A vk B TS T TR AR
o TESLEEAN b, SCHR[10] K AR b 3 A SR 40 N %5


http://radars.ie.ac.cn/CN/10.11999/JEIT260287
https://cstr.cn/32379.14.JEIT260287
mailto:huanghaiyan@mail.lzjtu.cn

2 o5 fE

2 % FxE

JBRER, RGN TR R, PR AN 485
R = e gk i R A TE BRI A g vERE, SCELEE
ATRIPEREXT Lo SCHR[17)BF AL T UK K 4k R
girp T H 2R T DCRH 4k el 0
PRI T B OE E P PERE S e, R ER A IR TT
%, SRR PPAIER ] BE T RA M HOK IR
Fk . SCHER[18] 8T X P Bk 4k R G b 1 B ki s
&, R EAFEHE LS R R,
R B 18 -5 ) A 5 2 R U2 5 A B 5 3R
e Ak B G0 1 B o

IR ARy AR ke AR Sk B AT 11t
REZrAT, Z IO AR oL ) AL B, R
G3 ARV AN 7] v 2k e 43 RIS 2128 36 A% A 07 S 0T Btz
G MERE R J XS b bk, B TAEZ T
Rayleigh % & (5 @ H A, X+ 58 B 3E M I Nak-
agami-mIER[G1E, BMIHHLT H 4R 7E H i 1
RERI M AN SRayleighB M AHL, Nak-
agami-m/(5 18 A8 18 7 7 2500 R 35 R AEAN [F] 1)
WIEME, HAoWE NG Ak, fEIBAR T
REdfES, AMUReIG IR @M, X SEBR R
Gt BAZNRSE L. Bk, &RC/ENak-
agami-m BRI N, R T 4k BRI AR
IR EHOEE KA TSR fe . 32
TARWF:

(1) #5373 T Nakagami-m 3 ¥ 15 18 (1) 73 BT HE
Ze, b ak o TARE sl b dk- X0 T/ 4
WL, el dk-FEL AL i a0, AL s
TP AL Ak AT AL H k- B AR A 2, JF it Y
PR 7 S () rh AR RS 20K e e ), T DAPPAS 25
Hrh gk A UL £ T RGBS RgitERE.

(2) 4T &AL 4 07 28 T AR I W 2 10 ke 0 4
MR P FKIE, AT AR AN [F] o 4k FE A X
PRI AL 7 BT SRR e e T EEMETT
0, ¢ T FTHe 7 S8 BRE B A% TR 26 A I %
b RS ) PR IA R, JRAE LR BV TR
NI ST ey 2

(3)imat 5 B &5 BRI UE S HE S I IEMYE, =
Ao B A TRl i 20 R M Wy 5 R D B A5 U2 e
JIRELE RE VT EVERI . 7 HA R BN, FHE
THAAE TR, Bearhak 5807 £ W
PEREA BRIt T T B RS, R 2 4Eiks
MU AR T B — 4 B I B Re % B8 A AUt 3R T+ R g0 8
RERE .
2 RGIRBETMEEIER

WEIFR, ZE—AWBELEE RS, B
TN s, KRR R A vy, 1k

AT %]

T UBEEE i b

- — > iR
—— U B

K1 ARG

AN H AT fd, N RE R S w, U RT3 a
Jo HITUET RSN H BT Rld A7 LE BE RS 1T 3
HEEmEE, HLEEEEKATTH, RaeE
g R SCPLEAE o YT s RS B A A 4k
R BT ad, Rk, JRE R
wT IR s A L 4k o S 5% dm, ATt
FE AR R, B BT AR HEE IR T w Ok Ik
WrrPeme . P msy HIT Ad. SRR
w025 50T 45 B0 R 46 R FH 2 3T AR A,
FEAS TR AR AL A& — RTSOR R 26 I AT )4 XU T AN
XU T PFE R 2 4k TARLE 0 A
I, IR sis B B T s d g g #E R o A~
AN BRIEAT,  RIEE — ML I B2 V1T s 3 i
b ke, 55 ZAMERTIT B2 S0 4k e 2 H 197
mde HakE TR ST AN, BAMEH
FRAE—AMERIN BN T2, B S L gk e 1832 H
T o

7 & KA VRS % b 4k 45 5000 ) TARAE XU T
B, AU TR ORI A T/ A W T A =
Wiste H, MR TARERKRE BT/ 4
RTINS I I o SR AR A5 00 2% R 72 2 WU A 4
WA A AT DI, RS B S & 5es B
2.1 {EERE

B RGN BT A 518 #5E T R S Nak-
agami-m¥Evk, B I IE REAE— ML R
TREEAAE, AR R BRI S H LA . AT
BEPAME BAR 1 S (A 518 R hay B
Bl hyp ~ Nakagami — m (map, 2ap) » e HFmg, R 78
a5 EHEBE R IEIRE, QuRanT S, M
N7 dh o, BE B0 BRI A B 25 |hw® ~ gamma
(M Mab/2ab) o |han| T B FR A BR BRI 2 535 i
BRH )

mapz\ "E 1 (g \ "
ab ab
Fue o1 (-0 ()

ab
(1)




Fx FEEMESE: Nakagami-m/E18 T 45 A 4k BRI USR8 10 PR 0@ (S AL 5 £ 7t 3
W\ 1 . BN
o= (2)™ L
Qap mF(mab) P i (i) + iy (7) H,
exp < QZZQC) @) y{) VP:hawws (i) + /Phjwa; (i) + ny (i) , H(14)
2.2 JEKISITEH
ERBE ARG, FEERSwEERL - @ {ﬁfji T}h 1 (1) + 1 () EO
A A ISR B £ 5 O T 2 K T s R e T
U 75 = H. AT W .
Prtdie e R (FARiER . BREARRRITERI o b AR SRS s 2T A
SR NS SRR, TR S . N e
s e e A A RIFF ARG T E s o (i), @ () My (4) 73 501
e LI e e et o e Eﬁiﬁﬂlﬁ?jt%%‘ﬁﬁﬁiiﬁ
AT, SR H eV S s BRI AR o e VA ARIRTIAS, A ! !

ﬁéiﬁdn B #& FRARB Hy R R PR s B R P 4K

r* fEAE RIS B . iRYENeyman-Pearson#fE 1224,
V2R T 2w E A SR T T B F S TR I Ay
n Dy
S ®)

b, T R AR N WAL s b 4k o
BWE S HIIE,; DoMIDy 4 MR R IEE ST Hw
B2 Ho AIH S B0~ TGS s 22 ke I AR

R AR LE X TR R, vk 0T wiE

—

EE

Ak =
ﬁ/?'\

ny (1) R~ FEVE T & wiZ W E 5 1
EE’(}}\CN (0,02) .

P 28 (4) 128 (5) 18 ARk WS 7 1w E 5 — A%

BRI BRI 28 — AL RIS BRI~ 3045 5 DI 253 N
a1 _ Pl + 02, Ho
Tw - 2 2 2 (6)
P|hqw| —|—P|hJW| —|—O’W, H1
PRy +U“7 Hy
7 = { Bl 2, o (7)
Plhr Wl +P|h’_]W| +o5, H

AR T ARAE X TR, AR T Fwik

B AMERE RS MERE RN BEIE  KEIRE SN
VP hiww; (i) + ny (i), H,
w )= {\/>hwxs()+\ﬁh*wl"r*( )+ /By (i) + ny (i), Hy ®)
P 2 (8) T 43 BB 0 o 4k v AR 7 40 TR tip =arg _ max {CF (13)
i, AR ISR whO TS B TR * -
- {Pth“| —1—0“, H, rFD:argrke{rfr;ime {Crk (14)
U | Blhsl® + Blbeewl® + Blhgl* + 03, Hy 3.1.1 EMTER
) KRR SRR [24] 00 TR T o 800 A 0
3 AERIENTE BV BE S A ML Gup RN N
3.1 EWMT /2 WTHRERT ZAORNEIZMER & = E49EHD (15)

ARV Ay 53 ) 2o V5T s B P 4K 1T ey
ke {1,2,-- K} g7 gy, 2 H BT md 115
H/fETRLE, Hrb, m e {HD,FD}, ym, _ flcm
G B TR VR s B H T AR B 3 o 4 R LA A
WA MR SCHER[23] 7T 1, 24 4k TAEAE XL

B A W AR S, i B 5 e EE M s — 1 —d
B RIEIERE N
W —a = min {57, 7"} (10)
b = flogg (1+~8 ) (11)
C’I.FkD = log, (1 + ’ys_rk_d) (12)

BRI, CAEAE XA AR 4 0 A = e A
Rk S | |

Fodr, ¢ ANER) 2 MR AL SRR
AT BR AR I B A 2R

WRHEX(3), X(O6)FMX(T), Hr <o2lf, F—
AL A B BRFH 55 AR R B B R R N, TR
R0, MIEIESRMEZE 91, Bk, DA R
AT > o2 IE DL

Ry (3) M (6), FH—
R pL) AR F % P 20 3K

A B I PR R R

p(l) = pr (TU) > 7 |H0)

—Pr<P|hN| to? >T\H0)
mjw—l

= exp (—As7) Z

h=0



4 mOT 5 5 B % W _——
Py = Pr (P|h<w|2 P ot <7 |H1) agHD = 26) Ay (A3By — 1) (21b)
T
My m v+2mi+m n
jw w A C —1 (A —\ My o
- _ — 27') . mijyp—1
nz::o ; m' msw+n+m) /H\: EF[ ’ Al _exp(AZr)F(me)* , AQ_Zn o
S BT Chn(R)' 5 BT G
/y ((mjw + Mew + m) B AQ?) (17) Mgw T z n Myey

:/H\:EF" 727’*0'3,, Alzmsw/sty Ag:mjw/
QP A3=P/ (I (mw) I (my) » CH=(4) =

P/ (@ (p—q))s pgeNyHO<qg<pERMpIA
DIt WA ik e WiV S L R 8

& —AMERIR BP0, 8 AR B
(R PR 5 (16) A A . AR R (3) Ak (7)
BB —AMERIN B AR R P K

P = Pr (Pelhel” + Bilhgl* + 02 < 7 [Hy )

miw—1 oo Am w2myy +mAm A5C

=2 2

n=0 m=0
(=P)" (AP — Ay)™
=y ((Myey + My +m) , AgT) (18)
HH, Ay=mpeg/ @y, As =P/ (I (myeyy) I (M) o
1 30(16) -3 (18) AT 73 il 45 2 AR VA Wi & w26
— AN FEURI S8 A A IR TR ARSI B DR A

Mijyw—1

(Mpry + 1+ m)

jw—l
1 _ 1 _\h
it = oxp (~A97) Y -5 (Ae7)
h=0
-1 ~ Am Am wt2Mmyy +mA3C

DDy

n=0 m=0
: ( S) (A2PS_A1)
=Y ((mjw + Mgw + m) 9 AQ?) (19)
m_]wfl

§HD = exp (—Aq7T) Z %(Ag?)h

h=0
mijy—1 oo Am w2myy +mAm A5Cn
My —1

+ Z Z +n+m)

n=0 m=0

Mjy—1

m! (mgy +n+m)

m! (Mg
(=P)" (AP = Ag)™
Y ((mr*w + Miw + m) ) AQ?) (20)

EZXHE ERINEN T REET R, BERERIT
Hw AR A A i A B R AT D g SR FH R A A ) R
{EL R S S5/ FEO AR U4 R A% o |l T & (OB 90 7
P TEA, MELERE— i Ra . 7Rk, 8471
PP, = Py mgy = Mgy Qe = Qe 28T, T
(19) F=(20) M A o i BH éup B BRI, X énp
BATRT I — I SR FIEASHOAE, 153N SH N
O&mp

o= — 26D Ay (ABy — 1) (21a)

P n
(_r) s Bl = / l’m”w-‘rn_l exp (— (Al — A2P5> l‘)
_ 0

=
dr | 82:/ 2L oxp (= (Ag — ApP) z) d

0
LA (21a) ABIHEAT 704, T LA E — A il ]
B, fFAB =1, O0&up /0T =05 Hr e (0,71)
I, #3481 <1, Otup/0r <0, &up BT MK
B R Mre (7’1,00)57‘[" 3 A:B; > 1, Oup/
or >0, &pp BTG RTmRIE L. Hk, & fE
7 SN AFAEME— B ME R, BIARE BT & wi
SR A 7 = 75 X AR i /0 DO A 1% A 3
FIMENEGip = & (77) o
3.1.2 2WITHENX

R (B)MA(9), Hr <o2hf, BEMERN
1, IWKMER N0, MR AS SRR 1. Bk, B

THRFEST > 2 IEN.

RIE(3), ()M ()T %1, TEF B Ho B
SEHEOLT s ARV I W 2 w i B USUE 5 78 2 X A
SRR —BE, AR e % PED 15
R(16)HHE. BHFEAG)MR(9), W THEXKIFE
Kt PEB Ay

PR = (Plhol® + Pl + Py + 02 < 7 |H, )
w—1
= AT AT Ay Z cn
n=0
(A1 = A, R) (=R
: [(Al — AP, )’"S“'*"
(m )

XZ w' mw—i—n)

- (mm + My, AoT) exp (—AgT)

mjy—1

’U-HUC'U —m—uv

Ty enar

m=0 v=0w=0
(Al Agp)m w7

Am(A2+A6) (Mesw+mjw+v)

¥ (Mgw + My + v, (A2 + Ag) T) (22)

Hrp, Ag=Ay/P
H 3 (16) = (22) 73 214 X T A 4k &= Fe Al
HIR I Cep N



5% x PGSR Nakagami-m/{5 18 T 45 & 4k FEAS % £ (1 e Mo 15 44 7 220 7t 5
miw 1 . - (r°,M*) = arg rand
&p = exp (—Aq7) Z E(Aﬁ) + AT AT A, re€{ri ez, e}
h=0 arg  max { fiD,CriD (26)
Me{HD FD}

Mjw—1

‘ Z Compe—1(A1 =
n=0
%) 1)w A;(mstrmiw)

N aumyreiny ©

w=0

Ay Py~ (Mt pyn

w! (Mgw + 1)
— (mSVV + My, Ag?) exp (—AgT)
m=0 v=0w=0
((Ay = AP
(Ag + AG)_(m”'—s_mj‘v—kv)

UJFU}AmCU =m-—v

mlw! (Mg + n)

Y (msw + Miw + v, (AQ + AG) ?) (23)

U e (1B RYE, %4 58(23) AT 6T 7 0 —
W SHOERIFAICNE, TR FHH
%D A4 (3B~ 1) (24)

(AQ?)ﬂljw B /7‘
H - — =
S EP ’ A4 T (me) = exp ( AQT) ) Bg o
xp(—
P

(Ao —=Ag)y) y™» "ty ((mgy+n), (Ar—
 AA A
N I' (mjw)
n'(m] 7%) (Ba=ag Ry

XTEQ(M)J&ﬁéH‘ﬁ Eﬁﬁﬁ/\i"‘{wlﬂﬁm, 4
2 AsBs =1, O0&p/0T=0 o M7€(0,7) K,
AsB3 <1, Opp/0T <0, Epp BT 3G KT R H R
B : 7€ (r,00)lf, AsBs>1, 0&p/dT >0,
Epp BE T IS T B B Rk, &ep 7R 8 A
AEAEME— AR /IME A, BBV WS I 38w i A I A )
BIAE 7% = 7o, RF R S5 /N A WU 1R ME 2R RN
&ip = &rp (77)

HEMRRH RIENEIREEER

AT AR R T SR, RN 4RBE L T
PELEE AT A TR, H A gk P pe a8 sl i
1 AsEH B AdER KB ER B 4T
SER . BRIFERX P50 T, e rh 4k e 98 e
r'=arg  max }{ka} (25)

TR E{r1,rg, T

H, ff50 e {HD,FD}

AT R AR PR R T RN, TR
AN FR K o DA ELR I ) o P A% A 3 BEAT AR S
el BEMERAN TR M, RIA MK A4k
HRENLEFE— Ak, A HiE B RIUE e
FRIBEHLH 4%

Hr, arg rand
Tk {1 T2, T

=ik

BT P gk SR PR T RN, RS
e 5 5 D8 Hh b e A o 2K iR L A M AT S S B
Ko HARERRE A TIPS A R, IR 2k

Rorr & MK 4k B AL

e M*, SRJE A E et b 4k o
(r*,M*) = arg max
rp€{ri,ra, v }
HD ~FD
2
are Mer{rll{%XFD} (G Gy 27)

NARAIETE Rk 7 %, Bk RABCS
gk SRR TT R T RGN BERME, KIS
R AR 2 X TR A4 0 TR 35 26 e /s
AT, MR MR R G N

fﬂ,F = min {{fip, &ep ) (28)

4  RGRERRPET ST
4.1 SRR PR

FRFE SRR [25) A1 SCHR[26] 7T %0, M4BT A B 4k T
PEAEF XL /XL, B x(10)-20(12)45 ¢
AR AT 2804 X AT 58 B0 A% A v W 3 70
HN

PHD — py {CrIiD <1}

out

Pr {CiD < rt}

K
- H [1 —exp (— (A7 + Ag) ’Y{lllD)

—1 mrkd—l

AiAj it
> ijjlg(ngD) ﬂ] (29)

i=0  j=0

Msry,

. oy Ay
:H 1*eXP(*(A7+A8)%h)m
k=1 TkTk
Mg, —1 g My

T (i ) (B
XYY e (%)

a=0 b=0 c=0

(AED) (AryEP P+ Ag) )

- (~AgyEP) (30)




6 BT 5 &

2 % HxE

H, Ar=(mg,07) / (2, P) s As = (mya0]) /
(20aP0) s Do = Muyry [ Pryry o 7e 9 H ISR FH 2,
VP = 22 — 1 RlyfP= 2m — 143 B A X T A AN
AU AR ST 1+ i (0 o

YRAT AR TT RN, B R TARAE X
TR TR MR 91 /2, % i W R
PRS

out

PRS — fPr{C’ED <7+ %Pr{C’rF*D <re}

out T

K
H {16)(10 (A7 + Ag)7ir”)

k=1
Mg, —1 My a—1 my
- k A%Aé (,YHD)iJFj AV
: th -
2 Ty 2T (1)

cexp (— (A7 + Ag) 1)
I (M +0) (BN
ble! (a — b)! Uf

(AE) (AP P+ Ag)*(mrkrﬁb)

mrk 1 a mrkd 1

IO

a=0 b=0 c=0
( A87t11 ) :| (31)
AT IR T RN, AR T TR P A

out —

K
pMS — e ZPr {max {CEQD, C’FD} < rt}
k=1

1 K
K 2 [(1—@(10 (= (A7 + Ag) )
m, kilmk‘ AZAJ
i+
2 T Oi) J)
i=0 =0

) (1 —exp (= (A7 + Ag)) Tom)

I (Muy, +0) (P\°
ble! (a —b)! \ o2

' (A77§P)Q(A7’YEPR + Ag)_(mrkrkﬁ_b)

Me, —1 o My a— 1

(32)

(st

HREATHR G 4k SRR T SR, A e b
B PILS A

K

o = H

K
k=1
mg, —1my q—1

AiAj it
TE )

{maX{CHD C’FD} < rt}

T 7 Tk

<1 —exp (— (A7 + As) )

Amfk k
1—exp (= (A7 + Ag)) W

amkll

mz S 3 iy

a=0 b=0 c=0

(A7’Yth ) (Aryth P+ Ag)” (Mrgr 1)
'(ASWED)CN (33)

4.2 FEfR R R

NRE— SR R G RE, X i A e B it E g
(3 T A i TR R AT HE R . 202 =02 = No,»
P,/Ny = P,/No =0, HNy — 0, SAE%T EM1E
fiy O T ARE 2T A W L 2% AR T 1 a0 ik s mT oA
GE

K

w1, Mgy, < my.d
AOP"P = { oK, Mgry > Mrgd (34)
(wl + w2)K7 Mgry, = Mrpd
AOP™ = (1 — @3)® (35)
K
]_ _
AOP®S = ( 2w3> (36)
w1 (1 — ’ZU?,) 5 Mgy, < Mryd
AOPMS = wa (1 — w3), My, > Myd
(w1 +@2) (1 —@3), My, = Mua
(37)
w{((l - w?))Ka Mgry, < Myyd
AOPR’MS = Tﬂé{(l - wB)Ka msrk > mrkd
(@1 +@2)" (1= )", ma, =mpa
(38)
p— K ST
ﬁg:'j? w1 = (msrk!) K(mmk% DNO/Qbrka) " k7w2 =

Migry, —1

(mr,cd!)_K(mr,&wt DNO/QIde‘)Kmrk‘7 w3 = Za .
(I (myyr, +a)/2al I (mrkrk))(mgrkﬁrklk}?mh /mrkerquP)

i A ik £ 07 SRARS h 4k SRR B0 Rk
FHR AR SR, R TR AT R,
B 07 RN & rh 4k 58 Nk £ 07 R0 5L B

N d 1 log (o)~ minrman
X 115 . = — lim
BT o == log (70)




Fx

PSS Nakagami-m 518 T 45 5 i 4515 FEASE 00k 3 (14 B RS 1% 5177 SRt 7C 7

K min (Mg, , my,q)> dys = min (Mg, Myd)s drvs =
K min (mg, ,myq) o 2N TR T Rk £
ERATEm, FEAOP™ FMAOP™ 7E & 5 1
FEI S, 73S B dep = drs = 0

FR R SCHR [27) A1 (29)-3(33), PR T /AW T
BT %, PahEFE T R, BAUER T RS H
Ak 51 R E IR OE N

CR=r(1-P4y) (39)
H 04 € {HD,FD,RS,MS,RMS}.
5 {HEXWRSH

AT I BRI 0 B IR U 43 B 45 R IE
Watk, FHRFAIBE H b fdE 2 gk H
SRS EOT RGN AT SRS . B ORE
Wi, iESEKNEWNT: Nakagami-mEEHE
B EEREme, =2, TS, =1, BT A
sHIFF 4k R FIHE P, = P = —5dBm, KiFTk
SR TN P, — 0 dBm, UMK =5, FER
4 R r, = 5 bit/(s- Hz) , BB AET =01W,
HART A, H BT R QR R T w R v
HUEE A o2 = 02 = 02 = —20 dBm.

El2(a) FEI2(b) 73 il gh T Bl i a4k TARAE
WA AR A AR U, SN D) PAN R A% 150
s AN B 7R Pea > Py RS DU B R A 2R 20
M2k, PTRAELR], FAE 7 3G, Pea M1ELUR IS
A0, Pup MORLIEEEIE 21, K ES R NE R AEH]
BETEC R T Y, XA - I b
T, FRIAAELE— ARSI B 1 R 2 s /) 1) e A s )
B, SREDMRA(24)WHEE O —8. S
o WU B % MR 26 50 % 5 T %) D R 2 P A1 Py 1Y
S, BN, Pea XU B R B AR S
PERT, 3 B WU R A 20 B B 3G T s/ s 4

1.0
0.9
0.8

0.7

% 0.6 I p=5-10)
0.5

-15 dBm

Ps=71577107
-5 dBm

0.4
0.3
0.2
0.1

yialllE:

0 2 4 6 8 10
Ko s {E (W)

rEE— PR, Pup TR R DI A R R
EH, SRR g n. H(6), X(7)
A (9) 4, E2(a)fE2(b)H Py AN P KIS
W, R Pyp AR ES R 252 25200 . 4R 5 D)
F P, FERE SRR, FEERE R
Fw ST DN BESE 0, DAL D B R A 4 K

E3HiiR T T F FNakagami-m 7% S 4
ANFERS, SRR TR R 5420 TR R 1)
A2 s W 2 wksr Wl 14 e T B o 7E B RE N RBE 32 TR
I, &S HmEBAEZ AL & P AR 48 1) SO RS
fE. mfBEBK, (SEMLEERERR, 155 DA
E o BEEmMAEIG R, THUHER AR e 1 R 20 1 0,
fERTHAE T RS, WisEREERES, H—
AHETFREMOSUR . LR T, R TR he
ROk BARE R Ew, $Em Al aReEZ. 1o,
EMFMEE R T, X TR =AM 3 A 2L
B EE S, NI RIS MRS, PRt 4
KT AR ) 2 G B 1 4 20 T 0 T

Bl AXf L 1 B B A% ol 2 AN [\ & AL B 7
E R i ol G N =R A T e LN N
H 85 mld ok B Ui 3 1945 5 347 T SE @AY,
S EC T AR 0, DR U &R G 1 A% B 1
BE G H AR A% o 288 T eSS o H AR A% o R
re < 5.5 bit/ (s - Hz) B,  H T S 21 o 2 (8] 1 B B A5
ER BN, AW THEAT £ B TIEEE
B EMEE, FHPID < PID. HbrfeH R
T > 5.5 bit/ (s - Hz) I, I 31 3y 2 [8] ) B B 15 38 25
AR, BT PO A B3k i ma gk 55, T2
PO > pED gRAh, Ak SRR R T R ReiE
FRIANFIRZR T K, EA R AT SE 1S B AL i 2 )
TRFR i P4, Horp Wi e an R ih .

BIBZE T AN [RIME S 77 58 T RS it A% S v T Rk =2
DA KA AR S b W R 2R ) AR A i 2. Bl A 15 1R L 1

1.0

0.9

0.8
0.7

0.6 tp——5-10,

0.5 -15 dBm
0.4

0.3
0.2
0.1

P=-15-10,
-5 dBm

o R

0 2 4 6 8 10
K s fE (W)

o JREOHEE MTEAE — BEME MHIRE — RIS REE EIe(E
— MR IR - REMR TEE o RIEREE fRE

() RIPER THGY

(b) KA LR

P 2 R R R R S A I R B AR 9% R



8 R

2 % FxE

K, HERATE B R AERIUE S R E R S, B
FTHEATT S, AR5 AN rh 4k 545
TR T 7 5 B0 A A i BT R 5 o R £ ISR L AR i B
% XA TT A 4Rk £ 77 S b T 5 )
SEMRR A AR IR, RIS I 8R4 ok
D AR P TR, S ECHAL P TR AR
e e LU X S T A, B RS SR O
0o P v T3 A5 A i v BT MR 4 78 1 15 1 L DX 4sA
S, HEIDUGUE 1R 4. 27 WL A% e TR R A )
Ik, BEAh, FERTA RS T, Ak S
AL FE 7 SR I 23 18] 2 S 08 5 4 K B I g
T3, AEPTA R B2 T S B AR e A% A Pl S

Kl6dtiid AR 7 N RS TR R ok
KR AT REROE R IE IG5
T, XA W I R R 2 BN T i X
B, MTISZIRT “ATTRr:” 2. Bahaks

e

o R

8§ 6 4 -2 0 2 4 6 8
FHINF (dBm)
— PR TG E - PR B
— PR #ME - AT FUE
— ERUCTARA FOME - AT EUE
S AR HGE - AR 5 EAE
ARUTAEA BB« XA 7 HAE
S AR IR - AL A

Bl 3 mAIF- PRI ZALAL T - X0 T 3007 SR 430 LA
77 SRR DA R BEZE 0 b

10°

10

1072

b i %

103

10

5.0 5.5 6.0 6.5 7.0 7.5
AR LM (bit/ (s Hz)))
— P TR B TR (7 Al
— TR Bl - B THR e
— gk EIA - kR
— B EiA - BRI P
— A TR SRR FIAE - BE AR A IR R 072U

P 4 A ek AN [ 252 i 77 5 0 A i v T 3R 2 A it 2

PR FE 77 RAEDRIESS RIGM 25 1F T, RE
BOBAI TG, SEILRR R R . 0T
15 207 A A0 AR A7 RN % H R PR 1 e A2
B, T e Ak sk 7 S AR TT IR T
HZ 1B TR RE .

BITHIE 1 b gk E 3 X BRI R . SR
BT S HEH T P ETE G i AH ), PR e S 1
BEORIFANAZ o v 4K K F IR, o 38 o 7 S48 2
T USEBUE m bR (G E A E, SEEHRT RN
W i o 4 ) I e K 5 S i T 3 e R I A A
EREERE, EPRAENROERE IR, =
SRE - QTN P SR Ui T 7/ AP S
B2 AR H BRI AR S o R R 4% S i 3
Ti M Z AR AN T b5, RWIHRENS A& Mk
BTk S R, SRR 4T R
JRIBR,  AATIIFE 2 vh 2K 22 45 S DB A3 2 (R e K AE o

1()(] 4
¥ 107
S
= 10*
+
& 10°
¥
108
10 10
-15 -10 -5 0 5 10
{EWELL (dB)
kY TR B o CEXUCIRE () FUE
CUGRRRER c parson
— A o LAt 0L
— B B - BUULIE D
— Beaha SRl mipg T AR BOURSE B
i/

5 AR 58 A% i T TR A 2R A 26

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

0

Pz % (bit/(s-Hz))

-15 <10 -5 0 5 10
fEEaLL (dB)

< X 5 7 AE
- AT 5 B AE

— TR BISE
— AT BISE
— Pk B - kIR FE iR E
— kP Hin(l - BRI T 3E
— Btk SRR BN - Ak SRR i (I EE

K 6 AR AT 2R (AN D 2R S RAR0R R 156 R



Fx

PSS Nakagami-m 518 T 45 5 i 4515 FEASE 00k 3 (14 B RS 1% 5177 SRt 7C 9

a2 (bit/(s-Hz))

1 3 5 7 9
HkEH

< PRI T RE
- LA T RE

11 13 15

— FXMLHA Bk
— LA HiRE
— YRR IR - gkERE 7 FE
— ik FE Bk - BE S i R E
— Beahdk SR BRE - A gk S Bk i Bl

B 7 BRkH e b 4k H AR {28

6 %Z5it

1% X ENakagami-mBEK(EE T, $#EH M
T gk FE A AL B R ROEE R4 . fEAFAF
AR AR R IIEOL S, R R I W 3 A
MM RGOS L W T HE S, IF
E LR o HA 9T A R DA 2R RN SR 22 . {5
FLAE RN, BRI B AE B TR T ] fg R
Wy 25 R B RN B ) T 1, B T Dh Ze s it
RS TR A Rt s X Le DU A s 7 BRI, BE
Er iR 4k SR UG B 7 S AE RIS M R R 1 R 7 THI )
AR T HARTTR, A B 5 b b A0 AL i A
Ao AMLAT CAI 5 AEE I T & ARSI RE 0, fRAPBR
WS AL, ] DAHE =y 2R 4 ) AT S 1 A B M
BTSSR, Rk — DRI EE RS
BE, BTHERE AR EEEE AT RS
SEBRZEAE T BIBR R BE 0 HT

2 F X

[1I]  CHEN Xinying, AN Jianping, XIONG Zehui, et al. Covert
communications: A comprehensive survey[J|. IEEE
Communications Surveys & Tutorials, 2023, 25(2):
1173-1198. doi: 10.1109/COMST.2023.3263921.

[2] NAEEM F, ALI M, KADDOUM G, et al. Security and
privacy for reconfigurable intelligent surface in 6G: A review
of prospective applications and challenges[J]. IEEE Open
Journal of the Communications Society, 2023, 4: 1196-1217.
doi: 10.1109/0JCOMS.2023.3273507.

[3] WANG Qunshu, GUO Shaoyong, WU C, et al. STAR-RIS
aided covert communication in UAV air-ground networks[J].
IEEE Journal on Selected Areas in Communications, 2025,
43(1): 245-259. doi: 10.1109/JSAC.2024.3460079.

[4]  Mde, BREEIE, FRMR, 55 T APLF B x Eiom (5 75 %
WFFLT). 8@, 2025, 49(9): 130-137. doi: 10.3969/].issn.
1006-1010.20250628-0001.

[10]

[11]

[12]

[13]

YANG Long, GUO Jiandao, ZHOU Yuchen, et al. Research
on UAV jamming-assisted counter covert communication
scheme[J]. Mobile Communications, 2025, 49(9): 130-137.
doi: 10.3969/j.issn.1006-1010.20250628-0001.

HUANG Gaojian, LEI Yuxin, LI Xingwang, et al. Joint
covert and secure communication for SWIPT-assisted
CNOMA systems[J]. IEEE Internet of Things Journal, 2025,
12(12): 20406-20419. doi: 10.1109/JI0T.2025.3543573.

s, PR, ERR, S FA W RS B R T i 1R IR 3 S A B S T
ERAEEE L EIISTet Vg t s R S g g S B 22
WA BIEAL]T). P55 E B, 2025, 47(4): 991-1003.
doi: 10.11999/JEIT240601.

ZHOU Tao, XU Kui, XIA Xiaochen, et al. Movable-element
simultaneously transmitting and reflecting reconfigurable
intelligent surface-assisted integrated sensing and covert
communication system: Joint active and flexible passive
beamforming design[J]. Journal of FElectronics &
Information Technology, 2025, 47(4): 991-1003. doi: 10.
11999/JEIT240601.

LIANG Yuting, HUANG Kewen, YANG Liang, et al.
Covert communications for active STAR-RIS-aided RSMA
systems with hardware impairments[J]. IEEE Transactions
on Intelligent Transportation Systems, 2025, 26(7):
10036-10047. doi: 10.1109/TITS.2025.3542808.

GAO Chan, YANG Bin, ZHENG Dong, et al. Cooperative
jamming and relay selection for covert communications in
wireless relay systems[J]. IEEE Transactions on
Communications, 2024, 72(2): 1020-1032. doi: 10.1109/
TCOMM.2023.3327272.

WANG Manlin, XIA Bin, XU Zhen, et al. Performance
analysis and optimization for coordinated direct and relay
covert transmission with multiantenna warder[J]. IEEE
Internet of Things Journal, 2023, 10(15): 13414-13427. doi:
10.1109/J10T.2023.3263265.

MOON J. Performance comparison of relay-based covert
communications: DF, CF and AF[J]. Sensors, 2023, 23(21):
8747. doi: 10.3390/s23218747.

LI Meng, TAO Xiaofeng, WU Huici, et al. Joint trajectory
and resource optimization for covert communication in
UAV-enabled relaying systems[J]. IEEE Transactions on
Vehicular Technology, 2023, 72(4): 5518-5523. doi: 10.1109/
TVT.2022.3225508.

JIAO Linhang, ZHANG Ran, LIU Mingqian, et al.
Placement optimization of UAV relaying for covert
communication[J]. IEEE Transactions on Vehicular
Technology, 2022, 71(11): 12327-12332. doi: 10.1109/TVT.
2022.3190677.

LIN Menghan, LIU Chaowen, and WANG Wenjie. Relay-
assisted uplink covert communication in the presence of
multi-antenna warden and uninformed jamming[J]. IEEE

Transactions on Communications, 2024, 72(4): 2124-2137.


https://doi.org/10.1109/COMST.2023.3263921
https://doi.org/10.1109/OJCOMS.2023.3273507
https://doi.org/10.1109/JSAC.2024.3460079
https://doi.org/10.3969/j.issn.1006-1010.20250628-0001
https://doi.org/10.3969/j.issn.1006-1010.20250628-0001
https://doi.org/10.3969/j.issn.1006-1010.20250628-0001
https://doi.org/10.3969/j.issn.1006-1010.20250628-0001
https://doi.org/10.3969/j.issn.1006-1010.20250628-0001
https://doi.org/10.3969/j.issn.1006-1010.20250628-0001
https://doi.org/10.3969/j.issn.1006-1010.20250628-0001
https://doi.org/10.3969/j.issn.1006-1010.20250628-0001
https://doi.org/10.3969/j.issn.1006-1010.20250628-0001
https://doi.org/10.3969/j.issn.1006-1010.20250628-0001
https://doi.org/10.3969/j.issn.1006-1010.20250628-0001
https://doi.org/10.1109/JIOT.2025.3543573
https://doi.org/10.11999/JEIT240601
https://doi.org/10.11999/JEIT240601
https://doi.org/10.11999/JEIT240601
https://doi.org/10.1109/TITS.2025.3542808
https://doi.org/10.1109/TCOMM.2023.3327272
https://doi.org/10.1109/TCOMM.2023.3327272
https://doi.org/10.1109/JIOT.2023.3263265
https://doi.org/10.3390/s23218747
https://doi.org/10.1109/TVT.2022.3225508
https://doi.org/10.1109/TVT.2022.3225508
https://doi.org/10.1109/TVT.2022.3190677
https://doi.org/10.1109/TVT.2022.3190677

10

=] Py

AR Fx &

(14]

(15]

[16]

(17]

(18]

(19]

20]

(21]

(22]

doi: 10.1109/TCOMM.2023.3342213.

SU Yinjie, SUN Hongjian, ZHANG Zhenkai, et al. Covert
communication with relay selection[J]. IEEE Wireless
Communications Letters, 2021, 10(2): 421-425. doi: 10.
1109/LWC.2020.3033786.

ZHAO Qiuxia, GAO Chan, ZHENG Dong, et al. Covert
communication in a multirelay-assisted wireless network
with an active warden[J]. IEEE Internet of Things Journal,
2024, 11(9): 16450-16460. doi: 10.1109/J10T.2024.3353833.
YU Xian, YAN Shihao, HU Jinsong, et al. On relaying
strategies in multi-hop covert wireless communications|[C].
Proceedings of 2022-IEEE International Conference on
Communications, Seoul, Korea, Republic of, 2022: 666—672.
doi: 10.1109/ICC45855.2022.9838514.

LIU Yan, WU Huihui, SU Wei, et al. Joint relay and mode
selection for covert communication in wireless relay
systems[J]. IEEE Transactions on Communications, 2025,
73(6): 4553-4569. doi: 10.1109/TCOMM.2024.3511696.

LIU Yan, WU Huihui, and JIANG Xiaohong. Joint
selection of FD/HD and AF/DF for covert communication
in two-hop relay systems[J]. Ad Hoc Networks, 2023, 148:
103207. doi: 10.1016/j.adhoc.2023.103207.

CAN M and ALTUNBAS I. Outage probability analysis of
rate-splitting multiple-access-based
satellite-terrestrial relay network with relay selection[J].
IEEE Transactions on Aerospace and Electronic Systems,
2023, 59(5): 6508-6517. doi: 10.1109/TAES.2023.3276343.
SHAHZAD K, ZHOU Xiangyun, YAN Shihao, et al.
Achieving covert wireless communications using a full-
duplex receiver[J]. IEEE Transactions on Wireless
Communications, 2018, 17(12): 8517-8530. doi: 10.1109/
TWC.2018.2878014.

ZENHE, WK, sk, 55 IRSHIBINOMA M 45 T B ioE S
PEREWEFLT). hE AR ([FEEE, 2024, 54(6): 1502-1515.
doi: 10.1360/SS1-2023-0174.

LI Xingwang, TIAN Zhifa, ZHANG Jianhua, et al.
Performance analysis of covert communication in IRS-
assisted NOMA networks[J]. Scientia Sinica: Informationis,
2024, 54(6): 1502-1515. doi: 10.1360/SS1-2023-0174.

BAI Jiaqing, HE Ji, CHEN Yanping, et al. On covert
communication performance with outdated CSI in wireless

greedy relay systems[J]. IEEE Transactions on Information

hybrid

[23]

[24]

[25]

[26]

[27]

Forensics and Security, 2022, 17: 2920-2935. doi: 10.1109/
TIFS.2022.3197327.

RIIHONEN T, WERNER S, and WICHMAN R. Hybrid
full-duplex/half-duplex relaying with transmit power
adaptation[J]. ITEEFE Transactions on Wireless
Communications, 2011, 10(9): 3074-3085. doi: 10.1109/
TWC.2011.071411.102266.

CHEN Xinying, SHENG Min, ZHAO Nan, et al. UAV-
relayed covert communication towards a flying warden[J].
IEEE Transactions on Communications, 2021, 69(11):
7659-7672. doi: 10.1109/TCOMM.2021.3106354.

NGUYEN S Q, LE C B, and VAN NGUYEN M. Covert
communication and physical layer security in hybrid power-
frequency multiple access with friendly jamming:
Performance analysis and deep learning evaluation[J]. IEEE
Internet of Things Journal, 2026, 13(11): 23443-23457. doi:
10.1109/J10T.2026.3671600.

THMEE, HETHE, TOBER, 45 SR T RER RN B A TR
it RE T[T, BTSSR AR, 2023, 45(7): 2350-2357.
doi: 10.11999/JEIT220778.

YE Yinghui, TIAN Yujia, LU Guangyue, et al. Outage
performance of commensal symbiotic radio based on energy
harvesting[J].
Technology, 2023, 45(7):
JEIT220778.

LUO Yongfu, WU Yi, and YANG Liang. Covert

Journal of Electronics & Information
2350-2357. doi: 10.11999/

communication and physical layer security of RS-aided
wireless communication systems over a-n-k-p fading
channels[J]. IEEE Transactions on Vehicular Technology,
2025, 74(1): 1800-1805. doi: 10.1109/TVT.2024.3466569.

#e: L, IR, WIATTFOATANERE . B2 EAROR

YR 2 A IR RS

th: Lo, A, WSO ROVPIB R A, FRRoETE.
T, MRS LR M IR SUE A R B LR, BT

DB ELRIETS . 5G-R. RTAETE. FEilE 24 .

QEWRRE: 55, BIBSE, WHIOTHONRROETE . P 4.
AR B, B, BHIT OB AL S ST L MBS S

Zh BAFSRIERI . FREUE AR AL GRS BB

(CESS7SE

SRS DR

Research on Covert Communication Transmission Scheme Combining

Relay Selection and Mode Selection over Nakagami-m Fading Channels

HUANG Haiyan®
LIANG Linlin®

HUANG Yi%¥

ZHANG Ning?

ZHANG Xuejun®


https://doi.org/10.1109/TCOMM.2023.3342213
https://doi.org/10.1109/LWC.2020.3033786
https://doi.org/10.1109/LWC.2020.3033786
https://doi.org/10.1109/JIOT.2024.3353833
https://doi.org/10.1109/ICC45855.2022.9838514
https://doi.org/10.1109/TCOMM.2024.3511696
https://doi.org/10.1016/j.adhoc.2023.103207
https://doi.org/10.1109/TAES.2023.3276343
https://doi.org/10.1109/TWC.2018.2878014
https://doi.org/10.1109/TWC.2018.2878014
https://doi.org/10.1360/SSI-2023-0174
https://doi.org/10.1360/SSI-2023-0174
https://doi.org/10.1360/SSI-2023-0174
https://doi.org/10.1360/SSI-2023-0174
https://doi.org/10.1360/SSI-2023-0174
https://doi.org/10.1360/SSI-2023-0174
https://doi.org/10.1360/SSI-2023-0174
https://doi.org/10.1360/SSI-2023-0174
https://doi.org/10.1360/SSI-2023-0174
https://doi.org/10.1360/SSI-2023-0174
https://doi.org/10.1109/TIFS.2022.3197327
https://doi.org/10.1109/TIFS.2022.3197327
https://doi.org/10.1109/TWC.2011.071411.102266
https://doi.org/10.1109/TWC.2011.071411.102266
https://doi.org/10.1109/TCOMM.2021.3106354
https://doi.org/10.1109/JIOT.2026.3671600
https://doi.org/10.11999/JEIT220778
https://doi.org/10.11999/JEIT220778
https://doi.org/10.11999/JEIT220778
https://doi.org/10.1109/TVT.2024.3466569

% x PSS Nakagami-m 518 T 45 5 i 4515 FEASE 00k 3 (14 B RS 1% 5177 SRt 7C

11

®(Sch00l of Electronic and Information Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China)
®( China Railway Eryuan Engineering Group Co., Ltd., Chengdu 610031, China)

®(School of Cyber Engineering, Xidian University, Xi’an 710071, China)

Abstract:

Objective Covert communications provide higher security for wireless communication systems by enabling the
transmission of covert information and preventing the interception of transmitted signals. However, channel
conditions exhibit randomness and uncertainty in practical wireless propagation environments. The Nakagami-
m fading channel, as a generalized fading model capable of describing various channel states, provides a realistic
foundation for analyzing the performance of covert communication. Furthermore, relay cooperation techniques
have attracted significant attention due to their ability to improve transmission reliability in fading channels.
Meanwhile, different selections of relays and transmission modes have been shown to significantly affect system
performance. Consequently, investigating the impact of relay selection and mode selection on the performance
of covert communication systems over Nakagami-m channels holds considerable theoretical and practical
importance for the development of next-generation secure communication protocols.

Methods This paper proposes a covert communication system assisted by relay and mode selection. In this
configuration, the source node communicates with the destination node via multiple relays, while a warden
attempts to detect signals transmitted from both the source and relay nodes. A friendly jammer is employed to
transmit interference signals in order to confuse the warden. For the transmission schemes of fixed half-duplex
or full-duplex mode under optimal relay selection, random transmission mode under optimal relay selection,
random relay selection under optimal transmission mode, and joint optimal relay and mode selection, the
warden’s detection error probability under both half-duplex and full-duplex optimal relay conditions over
Nakagami-m fading channels is derived. Furthermore, analytical expressions for the exact transmission outage
probability, asymptotic transmission outage probability, and covert rate of the system are derived under
different relay and mode selection strategies. Subsequently, theoretical analyses are validated using MATLAB
simulations.

Results and Discussions Simulation results show that an optimal detection threshold exist for minimizes the
detection error probability (Fig. 2). As the detection threshold or the jamming power increases, the warden’s
ability to detect covert information deteriorates, causing the detection error probability to approach one
(Fig. 2, Fig. 3). Under the same target transmission rate and high SNR conditions, the joint relay and mode
selection scheme achieves the lowest outage probability, thereby enhancing transmission reliability (Fig. 4,
Fig. 5). At a target transmission rate of 6.5 bit/(s - Hz), the transmission outage probability with joint relay
and mode selection is reduced by at least 6.9% compared to other considered cases (Fig. 4). As the transmit
power and the number of relays increase, the covert rate gradually converges to a fixed value, and joint relay
and mode selection is shown to achieve a higher covert rate (Fig. 6, Fig. 7).

Conclusions This paper proposes a covert communication system based on relay selection and mode selection
over Nakagami-m fading channels. Under different relay and mode selection strategies, analytical expressions for
the warden’s detection error probability and the system’s exact transmission outage probability are derived,
based on which the asymptotic transmission outage probability covert rate of the system are analyzed.
Simulation results show that increasing detection threshold or jamming power gradually degrade the warden’s
ability to detect covert information. Under identical target transmission rates and high SNR conditions, joint
relay and mode selection yields the lowest outage probability. Further analysis indicates that by appropriately
selecting relays and transmission modes, not only can the warden’s detection capability be weakened to protect
covert information transmission, but the reliability and covertness of the system can also be improved.
However, this study only considers ideal channel conditions, practical factors such as hardware impairments
and environmental variations in real-world transmission should be accounted for in future work.

Key words: covert communication; relay selection; mode selection; detection error probability; transmission

outage probability
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