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Abstract

Sparse code multiple access (SCMA) is a promising non-orthogonal multiple access technology that
can enable massive connectivity and high spectral efficiency in future machine-type communication
networks. However, its performance is heavily dependent on well-designed multi-dimensional
codebooks. In this paper, we propose a downlink codebook design scheme based on a hybrid

XES|IM: . ETIRAMAL R T 4T SCMA B4 H1]. B EUF#EfE, 2026, 15(4): 142-150.
DOI: 10.12677/aam.2026.154144


https://www.hanspub.org/journal/aam
https://doi.org/10.12677/aam.2026.154144
https://doi.org/10.12677/aam.2026.154144
https://www.hanspub.org/

Lty

optimization strategy, which achieves near-optimal performance over downlink Rayleigh fading
channels. By examining the Pairwise Error Probability (PEP), we first derive the Symbol Error Rate
(SER) performance of the sparse codebook over downlink channels based on the Chiani bound, and
establish it as the design criterion for codebook optimization. Then, the mother codebook is ini-
tialized using the sphere packing method. Subsequently, an enhanced mother constellation is ob-
tained through a hybrid optimization strategy, namely a Genetic Sequential Quadratic Program-
ming method. Finally, the multi-dimensional codebook is generated through rotation and inter-
leaving. Simulation results demonstrate that the proposed codebook achieves performance gains
over state-of-the-art codebooks in downlink Rayleigh fading channels.
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MBS 2 M NAE AR 6G A5 2 —FIEH A S IMAEIERZR 2T &, HAMRER | S
BB IRE S, )2 N R SR R B FE AT 1 5 AR SR AL #85 B J8 A5 N 2% RG A & (A W@ IR IE F A o
EEXPREAR BT 0 R, BN WL T IR RS 1A R R TS A, BIK R AR R it i 2 4 Sy TR P e
T MRLBERE f BT LR R R = AN B[ 1] BRIk 4h, @A F R R HxH s 5 2
JHE AT AR LB FH 38 40 A TR R R A 2 22 4 B2 R 1Y) SCMA B A [2] [3]

1E SCMA R4, 2 H PRl — N B PR [l {1, anqe] FAR 22 P R I 9 B2 2% B L8 O e 4 it
AT IR T ZRMKE 24 R T BA% I8 5% (Message Passing Algorithm, MPA) [4 13 22 4% 3% 5% (Ex-
pectation Propagation Algorithm, EPA) [5]. Luo Qu, Liu Zilong 2§ A& T —FP3E 3% 25 5 21 B9 SCMA
WITHESL(E2E-SCMA), HAE M EEAl FA5 3 1 Ok (A B A A TS R 44 B D 28 (6], XTT SCMA B4
Wt %, Bk BAr wrt— 28R R AR B G ROR B RS A . Cai 55 A$&H T —Fho: T 2 B e i
IAZEH) SCMA Wt A7), ZJa, Li S AR B AL BV U5 IELE Star-QAM . JEAili 2 5 T i
b, 133 7 —FKIEAPH SCMA B4 [8]. Lei % A LA Chernoff 5k H4i& SER 188, XA BHIEICER
b PR R AR AT AL, AR 3T — PR M LU X SR AR R RS A . ARSI TE Lei 25 A 2E A F it
— Bl A9

EIARGA T R, AR SCE S IREH RGBS e . H—2 Chen B4, 1ZZRAEARKIZ 0
AR RAET SR AR TR N, SINDDERATHLS], (A R 4E R B8O A P AR S R & 40 A A
SEAAHE], AITTFEZ FH P S G B R8O e s TR B, SRS T 0P . H /2 Star-QAM B A, %205
A DA Star-QAM Al 2 82 g HH R s, T8I TR R O ([ e A A e e 0 36 A8 R 22 R RS A
G HERGIDA, BASCIER., SHEMII S, HESHEKBERIERE, = M M E SR
PEREI R — AL H Ao

LT, ARSOTERRALE T AR R AT U B — BB v N R, T BT R AT
Bt M| 3 P (5 T8 P ) SER T FRIA G LA H AR ek B, 6 2 B S H0R AL 5 S PR iR i 1 il TR B 30 B
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Ko, AW LKA Chernoff FLHIT . PEP, {H Chernoff FLAHNTHiKS, SHHMEM Hbr 5 H
SEARTSYERE 2 [AIAFAE W 2 . AL, AR SCIRF 856 FA ) Chernoff i, G134 UK A RS #1 Chiani 5K
¥y SER H bR %L, FREMLHLAE 45 & BRI T B I610 5 GA-SQP R ALR MR, IS 2 PEEE AR
B L R

A E B TTRER U R

(1) #5 7T Chiani #) F4T SCMA £4 SER iUk, ¥ HAE DAk i

(2) RHBRIEFT G IEVIECEE R R, SR Iah B R o A (1 2 20k

(3) FIH GA-SQP 1ALk S 15 1 5 BE A JBE(AMC), 83T 5 Chen f54< iz Star-QAM FEAS [ LL %%
I0AIE T AT 7 VRAE R ATER A S PR RE AR 34 .
2. SCMA R4 KAt

HZE—NEA L AMHAE K NERRE LEER TR SCMA 24, Kb L>Kk, d#REF
Azé»loﬁﬁ%%,KMA%@%%b&wﬂﬁ%%ﬁﬁﬁﬁMﬂizﬁcmM*%W&%%@?,
ZILE IR R IR N

£, :BPeM 5y e CY 1)

Hofr, BUR Y BRALE N log, (M) M9 HHREES S 2, = {3, 30,0, | FORE | AP AL,
CHM RIRKANH M 1) K Y T &2 ]
AR K SR FHZRA N (N < K)NETIOER RIMG A, SR M5 ) & ] DL F -
[ HIE 5 TP, MR IRIS2(Bit Error Rate, BER). R ALE v, HECRFHRERHEACCY,
M CHERIUE — NN N [ e, B AT DL — 206 Bl 2 C i) S
g, 1B — C Hlic, = g, (b,), )
S, = [y B || € (oL 1) SRS AN PR R L
R, %ERZ SCMA BSS f, 7T AR A
fi=Vg, Hx=Vg, (bl), 3)

Hr, vV, e BV FIR n B REMGTE] k AMBE SCMA 47109 Wtk . fltn, seit—4
K=4,L=6,M =4, N =2 ] SCMA RGN A, 1ZRGEMT PR IRR A

1 0 1 0 1 0 00 00 0 0

V1:0 1,V2:0 O,V3:O 0,V4=1 O,VS:I 0’V6:0 0' @)
00 0 1 00 0 1 00 1 0
00 00 01 00 01 0 1

LANH B SCMA 15 A 5 i 45 # vl LU R 7 B AR BE F ok RoR, HF=[f, ., f,]cB"",
f = diag(V,V,T) o XN R IR R A 1 R
TEW AR, B 24k L MU s g, (1=1,--, L), IR E AR HE, dnfe/NERCEE 5 (Minimum
Euclidean Distance, MED) & #x /> e f1 I & (Minimum Product Distance, MPD), KB} ik g, HAE— Y
AR BRI DL P LN B = b, , 153
¢, =Gb, )

K G, e CVe M FoR P L IOTS A A BRAERE . R 1 IRS AR , AT BARR A
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Figure 1. Factor graph representation of the spread spectrum matrix
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Pr(ci—)c‘/|h)zéexp(—4§, ip(ci,cj)j+iexp(—3 :

1 K ) 1 E 2
=—exp ( y ij) +—exp .
12 4N0 o= * 4 3N,

(€))

2
Coi Gk,

DOI: 10.12677/aam.2026.154144 145 N H it e


https://doi.org/10.12677/aam.2026.154144

i
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(10)
1 E. 2
+Znexp[—3]\;0 h|’ (ckl c,w.)‘ J
FX AT EER S, 532714 PEP
P (c —c ) E. [Pr(cl—>cj|hl, ,hK)J
1 K
12 Iy hg {gexp[—“ |hk| ‘(Ck i TG /‘)zj:l
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[T RE FHTAIThas A —1E 1, 8O, =1, PEP #—3mN

2j . (15)

(16)

% F AR R BOZ — A H A 2 9 i AR AR C AR G A5 1 E%H&EE’J AE R SRR R BOF A2

S H AR AT 1R, I%Tuaﬁﬁ?ﬁ?ﬁfMﬁﬁ%%ﬁ&MB@)ﬁFTV& ), DA H A F
FFEVEAS1E T B A &I BER 4HAER) SCMA A,

4. SCMA BE®iI+5Mk
1E SCMA 4, B} JE(Mother Constellation, MC) R A€ SUNHH T HE A

A, a, A, o Gy
A, ayy Gy, o Oy
Ave =+ |7 : " L (17
A a a - a
dy apn a2 4y

ﬁ¢%=%¥ﬁ%ﬁ¢ﬁﬁ%ﬁ%k%ﬁ?ﬁi,AANWA%%%¥%@@$OE?WEHESWW:
Packing, SP)REB7E FA BRI FR AT RE S0 A T i by DRI SCR R BR T TR0 0 7 VAW BG A0 BE 22 2
PRAE B8 AT 250k e KA B /N PR B FIRD A 7 ) 1 22 R
DLK=4,L=6M=4 N =205 RGN0, A, =[A,A,, A, FEXTREES NiRESH
By, by, by s HICEHEEE B 5 1L ARG A 2
blAl
@&} (18)
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Aye = S, |=
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153 2 B FERG A AT LU PR BEAE RS F 20 Bo s B iS50S5 A0, DRI SCMA RGeS A 45 74 7T LL

FoRN
0S, S 0S8, 0
S, 0S, 0 0 S,
F, = , (19)
0 S, 0 S, 0 S,
S, 0 0 S, S, 0
PR R RERAE[10], 193] L MR ALE .

aE
I 2 TR A AL SRS —— 1AL I — R RI(GA-SQP), &R A T GA 4 /iR E
PLBE G B N i e tlt, [RIES R T SQP FE Tk B A pRas s S e fa it — D s AL SR MRS 2, GA-SQP
S A IR R A DA RERINEIGE E, AL R R 1 R,

DOI: 10.12677/aam.2026.154144 147 N H it e


https://doi.org/10.12677/aam.2026.154144

i

Table 1. SCMA codebook optimization framework based on genetic order quadratic programming method
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Figure 2. Comparison of bit error rates between Chiani and Chernoff boundaries
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Figure 3. The bit error rate of the proposed codebook is compared with the other two codebooks
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