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Abstract. To significantly enhance the reliability and spec-
tral efficiency of small data block transmission, this paper
presents a novel network-coding-based Reed-Solomon
coded cooperative multiple-input multiple-output (NC-
RSCC-MIMO) system. The system consists of two single-
antenna source nodes operating in full-duplex mode and
one multi-antenna destination node, where the sources
achieve cooperation through network coding, enabling the
destination to generate two equivalent linear block codes.
In the NC-RSCC-MIMO system, the selection method of
network coding coefficient combination (NCCC) influences
the codeword weight distribution of the equivalent codes at
the destination. In order to optimize the codeword weight
distribution for enhanced system construction, this paper
proposes two optimized algorithms, i.e., optimal NCCC
selection (ONCCCS) and low-complexity optimized NCCC
selection (LC-ONCCCS) algorithms. Also, leveraging the
parallel feature of the proposed NC-RSCC-MIMO system,
a joint RS decoding strategy is designed at the destination
to achieve efficient decoding of the two equivalent codes.
Monte Carlo simulations show both ONCCCS and LC-
ONCCCS algorithms improve error performance with
minimal difference between them, and provide better per-
formance gains over the random NCCC selection algo-
rithm. The results also indicate that the NC-RSCC-MIMO
system outperforms non-cooperative and existing counter-
parts by larger than 1.1 dB and 1 dB, respectively.
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1. Introduction

Cooperative communication is an effective technique
for mitigating channel fading, whose fundamental principle
involves forming a virtual multi-antenna system through
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coordinated transmission among distributed nodes [1].
Thus, it can achieve equivalent spatial diversity gain with-
out requiring physical multi-antenna configurations. The
key mechanism of cooperative communication lies in the
signal regeneration processing at relay nodes, with three
primary protocols: amplify-and-forward (AF) [2], com-
press-and-forward (CF) [3] and decode-and-forward (DF)
[4]. The AF protocol directly amplifies received signals,
offering implementation simplicity at the cost of noise
accumulation. Under CF operation, the intermediary node
first receives the original transmission and then forwards
a compressed version to the endpoint. The DF protocol
performs digital demodulation or decoding before retrans-
mission, effectively suppressing noise propagation and
consequently emerging as the most widely adopted proto-
col. In mobile wireless communication environments,
transmitted signals typically face dual challenges, i.e.,
superimposed interference of channel noise and multipath
fading effects. To address the suppression of additive
noise, the academic community widely adopts a strategy
combining channel codes with cooperative communication,
thereby giving rise to coded cooperative technology [5].
Compared with point-to-point non-cooperative systems,
coded cooperative technology can achieve cooperative
diversity gain. Currently, turbo, low-density parity-check
(LDPC) and polar coded cooperation [6-10] have been
extensively investigated. However, these techniques gener-
ally achieve better bit error rate (BER) performance only
under long information lengths, thus failing to adequately
meet the requirements of emerging practical communica-
tion scenarios such as device-to-device (D2D) communica-
tion [11], [12], cellular networks [13] and vehicle-to-
vehicle networks [14].

Fortunately, the well-known short-length Reed-
Solomon (RS) codes exhibit maximum distance separable
properties, relatively low encoding/decoding complexity,
and excellent capabilities for correcting both random and
burst errors [15]. Consequently, this has prompted re-
searchers to focus on coded cooperation adopting short-
length RS codes. For example, a hybrid coding architecture
combining RS and convolutional codes in dual-source
cooperative communications were investigated in [16],
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effectively mitigating noise interference effects. The study
in [17] presented a novel RS coded cooperative system
employing relay information selection, where simulations
showed optimized relay selection outperformed random
selection in system performance. In [18], the authors fur-
ther investigated relay information selection algorithms for
the RS coded cooperative system. While maintaining the
exhaustive search algorithm identical to [17], a modified
partial search algorithm was also proposed. Numerical
results validated the effectiveness of both the optimized
algorithms. In [19], the academic researchers innovatively
incorporated a special multiple-input multiple-output
(MIMO) technique, i.e., spatial modulation (SM) into the
RS coded cooperative system with a random selection
method for the source estimation information, significantly
improving spectral efficiency and BER performance.
Building on this work, the authors in [20] proposed a novel
relay selection algorithm on the basis of optimized code-
word weight distribution at the common destination point.

However, the above studies of RS coded cooperation
have key limitations: 1) The single-antenna configurations
in [16-18] cannot fully exploit high spectral efficiency and
diversity gain provided by MIMO. 2) The multi-antenna
SM approaches in [19], [20] incur complicated antenna
configurations despite improvements in spectral utilization
and error performance. To overcome these challenges, this
paper proposes an innovative hybrid approach that com-
bines network coding with RS coded cooperation in the
case of dual sources, maintaining high spectral efficiency
through network coded algebraic properties while leverag-
ing multi-antenna configurations of the destination to
achieve better diversity gain. By allowing intermediate
nodes to encode and combine received data, the robustness
of the communication system is also significantly im-
proved. The main contributions are as follows:

e This paper proposes a network-coding-based RS cod-
ed cooperative MIMO (NC-RSCC-MIMO) system,
which consists of two source nodes working in full-
duplex mode and one destination node. In terms of
the hardware configuration, the two source nodes are
each equipped with a single antenna, while the desti-
nation node adopts a multi-antenna configuration to
effectively enhance the receive diversity.

e In this NC-RSCC-MIMO system, the two source
nodes perform linear network coding combination on
two distinct RS codewords to realize cooperation dur-
ing their corresponding transmission, making the des-
tination node construct two equivalent linear block
codes. Considering the diversity of network coding
coefficient combination (NCCC), an optimal NCCC
selection (ONCCCS) algorithm based on exhaustive
search is proposed to generate the equivalent codes
with the best weight distribution for system optimiza-
tion.

e As the element number of the Galois field expands
and the information length becomes larger, this
ONCCCS algorithm experiences substantial growth in

computational complexity. To overcome this chal-
lenge, a novel low-complexity optimized NCCC se-
lection (LC-ONCCCS) algorithm by local search is
proposed.

e Additionally, for the equivalent codes constructed at
the destination, a parallel joint RS decoding strategy
is designed to more efficiently achieve both the cod-
ing gain (provided by the equivalent codes) and coop-
erative diversity gain.

This paper is structured as follows. The transmission
framework of the NC-RSCC-MIMO system is thoroughly
analyzed in Sec.2. Section 3 introduces two proposed
optimized NCCC selection algorithms (i.e., ONCCCS and
its low-complexity variant LC-ONCCCS) to improve
codeword weight distribution, thereby achieving system
optimization. The methodology of the innovative parallel
joint RS decoding strategy is comprehensively described in
Sec. 4. The system performance evaluation via numerical
simulations is presented in Sec. 5, followed by concluding
remarks in Sec. 6.

Notation: Vector quantities are denoted by bold low-
ercase letters, while matrices are represented by bold up-
percase letters. Scalar values appear in regular font, with
italic letters indicating variables. Mathematical operations
include: [-]" for vector/matrix transpose, and CN(a,b) for
complex Gaussian distribution with mean a and variance b.
The notation |alb| denotes the concatenation of elements
aand b, | S| indicates the cardinality of the set S, min(-) is
the minimum value function, | - | denotes the floor operator
and C,° is the binomial coefficient.

2. Network-Coding-Based RS Coded
Cooperative MIMO (NC-RSCC-
MIMOQO) System

This paper proposes a NC-RSCC-MIMO system that
has two single-antenna source nodes (S; and S;) and a
destination node D with n, antennas, as depicted in Fig. 1.
Notably, the communication system comprises two similar
transmission processes, each spanning two time slots. The
first process includes S;— Sz, S1— D and S; — D channel
links, while the second process consists of S;— Si, S;,— D
and S;— D channel links. During the first process, the
source node S, acts as the network node and performs
network coding on both the data packets received from S;
and its own locally generated data packets. In the second
process, the source node S; serves as the network node, and
combines data packets received from S, with its local data
packets for network coding. Through network coding, the
source nodes realize mutual cooperation, which makes two
equivalent linear block codes be constructed in the destina-
tion node. By performing parallel joint RS decoding on the
equivalent codes, the source message sequences are further
effectively retrieved. It should be specifically noted that
although the proposed NC-RSCC-MIMO system maintains
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Fig. 1. System model of the NC-RSCC-MIMO.

continuity with existing works [17-20] in its application of
RS codes, it achieves fundamental innovations across the
technical roadmap. Specifically: 1) In terms of system
architecture, it evolves from the traditional three-node
model with a dedicated relay (i.e., the model composed of
source, relay and destination) to an integrated cooperative
model where dual-source nodes have relay functionality.
2) Regarding technology integration, the combination of
network coding with cooperative and MIMO techniques
(using two single-antenna sources and a multi-antenna
destination) achieves high spectral efficiency and superior
error performance while maintaining low complexity,
thereby overcoming the limitations (of spectral efficiency
and performance) of the single-antenna configurations in
[17], [18] and avoiding the high-complexity drawbacks of
the SM schemes in [19], [20]. 3) At the core algorithm
level, it progresses from optimizing the information symbol
selection at the relay to optimizing the NCCC selection in
the sources. 4) In joint decoding at the destination, it
evolves from traditional joint decoding to a novel joint
parallel decoding designed for the equivalent codes gener-
ated by network coding.

First, the first communication transmission process
(i.e., S1—> Sz, S1— D and S, — D) with two time slots is
described. (1) During time slot-1, the length-k; information
bit sequence b;=[b11, b1o,..., bik] over the Galois field

GF(2) at the source node S; is converted into a length-K;
symbol sequence m;=[my1, M1o,..., M1k,] Over the Galois
field GF2™ ={0,1,c,...,&2" %} by the bits-to-symbols
(B/S) module, where Ki=ki/m (m>1), « is a primitive
element, and each element my; corresponds to the m-bit
VeCtor By i 1y By i mgyear e By FOr 1'=1,2,, K . myis
encoded into systematic codeword symbol sequence
u¥ =[u3,uz,...,uy] by the RS code RSi(N1,Ki,di) over
GF(2™with the code dimension K, codeword length N
and minimum distance d;=N;—K;+ 1. The codeword
polynomial U™ (x) =u;* +uz'x+...+ug x"™ of u* is [19]

u® (x) = X", (X) +p, (%) M)

where my(X) =my1+ miaX + ... +myg, x<1 71 stands for the
polynomial of the information symbol sequence m; and
P1(X) = Pri+ Pr2X + ... HPing -k XN K71 denotes  the
parity polynomial (where pyi, € GF(2™) for iy =1,2,...,N1—Ky)
with the following expression [19]:

P () = x""m, (x) /g, (X) )

where g1(x) denotes the generator polynomial (with N; — K;
consecutive roots «a, o, ..., ™) of RS;(N1,Ky,d;) and
is represented as [17]
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6, (%) = (x—a)(x=a®)..(x—a™ ™) @)
=051+ 0 X+t gl,r\1r|<1+1x’\‘17K1

where g1j, € GF(2™) (ji= 1,2,...,N1— Ky + 1). The code-
word sequence u is further fed into the M-ary quadrature-
amplitude modulation (M-QAM) modulator to generate the
modulated signal x5i=[x:% X%, . xy 1 of length Ny,
where M = 2™, Table 1 presents how each element in the
finite Galois field GF(2%) ={0,1,5,8%} is mapped onto
16-QAM modulated constellation symbol, where g is the
root of the primitive polynomial 1+ x + x* over GF(2).
Subsequently, the modulated symbol sequence x5 is trans-
mitted from S; to S, via the S; - S; channel and to the desti-
nation node D via the S;-D channel. At the !
(tt=1,2,...,N1) time instant, the corresponding received
signals yls, s, (at the Sp) and y's, p (at the D) are denoted as
follows:

1; 1, S, t;

)/sll,s2 = hsll,s2 thl + nsll,s2 ) (4)
t t s t

ysll,D = hsll,Dth1 +nsll,D (5)

t t Rl K42 t.n 9T
where hls,s, and hg , =[hg 5, h'p,....h't] denote the

Rayleigh fading channels with all independent elements
distributed as CN(0,1). The noise nts, s, follows CN(0,01?),

while each element of ni , =[n¢", . ng'%,,....nE "5 T" follows

CN(0,52). Therefore, after N; time instants, the received
signals at the source node S, and the destination node D are

separately represented as Y s =[Ys s, Y5 s, Ys's, ] and
Ys.0 =[¥s.0:Ye 00 Ysp]- (2) In time slot-2, the source

node S, employs a demodulator to perform maximum like-
lihood detection (MLD) on the received signal ys, s,, gener-
ating an estimate u: of the sequence us.. Subsequently, the
RS;: decoder processes uS and outputs an estimated
codeword symbol sequence @ by using Euclidean
decoding method. This sequence &% undergoes network
coding with the systematic codeword symbol sequence
vi=[vi%2 vo%  wy,] from the RS code RS; (N, Ko, d2)
over GF(2™), where the parameters Nz (N2=Nj),
Kz (K2< Kjy) and d2=N;—K,+ 1 are separately the code-
word length, code dimension and minimum distance, and
the corresponding polynomial v%2(x) =
vil2+ v%2x + + vy, 2xN2-1 of the codeword vS2 has the
following form [19]:

v (%) = X" m; (x) +p, (%) (6)

where m'z(X) =m'z1+ M2 X +... + M'2, X<2 71 denotes the
polynomial of the information symbol sequence
m',=[m'21, M'22, ..., M'2k,] Over the Galois field GF(2™)
(note that the length-K, sequence m'; is obtained by
converting the length-k; (k2= Kzm) information bit
sequence b', = [b'21, b'22, ..., b'2x,] through B/S block) and
P2(X) = P21+ P22 X +... + Panyk, X2 K2~ denotes the parity
polynomial (p.,i, e GF(2™) for i,=1,2,...,N.— K5) with the
following expression [19]:

P, (X) = X" M} (x) /g, (x) ()

where g»(x) is the generator polynomial (with N;— K>
consecutive roots a,c?,...,a">*2) of RS, (N, Ky, d,) and
represented as [17]

g,(x) = (x=a)(x=a®)..(x—a" ) ®)
=051+ 0o X+ gz‘r\JZ—KZﬂXNZiK2

where @»j, € GF(2™) for j,=1,2,...,No— Ky + 1. Then, the
sequence W= on® @S+ ao® vS2= [wi% W% wi,%2] (net-
work-coded sequence) of length N, is further generated, in
which 1@, oV GF(2™), (a®, o) is the NCCC and i
(L <i<(2M2=4M) is the NCCC selection index. It should
be noted that different NCCCs directly impact the weight
distribution of the equivalent code at the D, making their
proper selection crucial. The details of the optimized
NCCC selection algorithms are presented in Sec. 3.
Through the M-QAM modulator, w® is modulated into the
symbol sequence X%2= [x1% x;%, __¥n,%2] of length N,. Sub-
sequently, X% is transmitted to the destination D via the S,-
D channel, and the received sequence at the t»-th
(tz=1,2,...,N2) time instant is denoted as

)_’ISZZ,D = H‘SZZ,DK? +ﬁ[szz,D 9)
where s o =[} RE5.
fading channel with all independent elements following CN(0, 1)

he L 17 represents the Rayleigh

Field 4-bit Modulated
elements vector symbols
0 [0,0,0,0] —3+3i
1 [1,0,0,0] 3+3i
B [0,1,0,0] ~1+3i
s [0,0,1,0] -3-3i
B [0,0,0,1] —3+i
Vs [1,1,0,0] 1+3i
B [0,1,1,0] -1-3i
B [0,0,1,1] —3-i
B [1,1,0,1] 1+i
B [1,0,1,0] 3-3i
B’ [0,1,0,1] —1+i
Y [1,1,1,0] 1-3i
pH [0,1,1,1] —1-i
B [L111] 1-i
B [1,0,1,1] 3-i
B [1,0,0,1] 3+i

Tab. 1. Mapping process of each element in GF(2%) to
16-QAM modulated symbol.
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and each element of N¢ , =[Ag",,AZG, ...,

5. ng']" obeying
CN(0, o3?). Therefore, after N, time instants, the received
signal at the D is Y, , =[Vs, 5.Y5 01 Yep]. The de-

modulator carries out the demodulation for the received
signals Ys,p and Ys,p to generate the estimate (i.e., a5 and
w) of uSt and w, respectively. The joint RS decoder-1 of
the parallel joint RS decoders processes the estimate
|6:[W2| of the codeword |uS:|w®| in the equivalent
code Cp®(N;1+N,, K; +Kj) to obtain the estimate of the bit
sequences b; (from the S;) and b'; (from the S;). The de-
tails of the joint decoding will be introduced in Sec. 4.

Next, the second transmission process (i.e., S — Si,
S;— D and S; — D) is described, which is analogous to the
first transmission process (i.e., S1— S, Si—»> D and
S;— D). Here, the key differences between this process
and the first process are highlighted: 1) The source node S;
is the network node and the network-coded sequence gen-
erated at this node is mathematically formulated as
Wi = @ 6% + ap® vo1= [wiSt wot w1, in which the
definitions of @ and v can refer to those of @ and v*,
and the definition of (1@, &2®) is similar to (ca®, a®).
2) The joint decoder-2 at the D processes the estimate
|6%2|WwS:| of the codeword |uS:|wS:| in the equivalent
code C'p®(N;+N,, K; +K5) to obtain the estimate of the bit
sequences b'; (from the Sy) and b, (from the S,), where the
definitions of b';, by, uS2 and w can refer to those of by,
b2, uSt and w2, Section 4 will introduce the detailed de-
coding process.

3. Optimized Network Coding Coeffi-
cient Combination Selection Algo-
rithms Based on Exhaustive/Local
Search

Distinct NCCCs in Fig. 1 yield different equivalent
linear block codes at the D, whose weight distribution
critically determine BER performance. This indicates that
random selection from NCCCs may lead to bad weight
distribution at the D, thereby degrading communication
reliability. To mitigate this issue, this section presents two
optimized NCCC selection algorithms, i.e., ONCCCS and
LC-ONCCCS. It should be noted that the following algo-
rithms are developed under the assumption that the S;—S;

channel is free from interference (i.e., @%=u and
%2= u%).

3.1 Optimal NCCC Selection (ONCCCYS)
Algorithm by Exhaustive Search

For the i-th (1 <i < (2M)?=4™) NCCC (eu®, o) over
GF(2™) in the proposed NC-RSCC-MIMO system, the
equivalent linear block codes yielded at the destination
node D during the first and second communication trans-

mission phases are formulated as follows:
CS)(N]. + NZ’ Kl + KZ)

_ | (10)
:{l us | w |} :{|u51| aPu® + v |},

CXV(N, +N,, K, +K,)
[ ¢ Y
= {lu¥w |} = {Ju%| @u® + &’v* ||
where USt US2 e RSy(Ny, Ky, di), V5, V32 e RSy(Ny, Ko, do).
The weight distributions of Cp®(N;+N, Ki+K3) and
C'p®(N1 +N,, Ky +K>) are separately expressed as

WO —@NG NG LGN Y (12)

df 417"

WO =1 N dﬂl N d(<))1 NGO (13)
where N,® and N',( separately denote the number of
|ust|ws2| and [uS2|ws:| of weights d{). <w< N, +N, and

free
d/ <w< N, +N

free
free distances of corresponding equivalent codes. Since
this algorithm is designed under the condition that the S;-S;
link is not subject to any interference, the conclusions
CD(i)(Nl +N,, K1 +K2) = C'D(i)(Nl +N,, K1 +K2) and WD(i):
W'p® are obtained. Consequently, the optimal NCCC
obtained under the second transmission process is identical
to that of the first transmission process. Thus, the
ONCCCS algorithm only focuses on the first transmission
process.

The core idea of the ONCCCS by exhaustive search is
to identify the optimal NCCC corresponding to the best
codeword weight distribution from all possible 4™ NCCCs
by considering the total 2™ 1 +X2) source information sym-
bol sequences [mi, m;] of length K; + K, The detailed
steps are provided below.

,, with d and d/® representing the

free free

Step 1: Determine the set 4 containing all 4™ NCCCs
and their associated set L of 4™ selection indices, i.e.,

A={(@? &), (@, af?), ... (N, (14)
L={12,..,4"} (15)
where o), ;xe GF(2™) for 1<i<4™,
Step 2: Consider all 2mKi*+K2) soyrce information
symbol sequences [m1, my] of length K; + Ka.

Step 3: For the i-th (i € L) NCCC (1@, ™) in the
set A, determine the equivalent linear block code
Co®(N1+N2, K; +K;) (generated by the considered source
information symbol sequences in step 2) and the corre-
sponding codeword weight distribution Wp®.

Step 4: Find the minimum codeword weight (free
distance) d{” for each Co®(N; + Np, K1 + Ko) with i e L.

free

of CD(i)(N1+ N, K1+ Kz) for
i € L and determine the maximum value d=>*.

free

Step 5: Compare d

free
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Step 6: Initialization: =1, L,= L and 4,= 4.

Step 7: If only one NCCC generates the codeword
weight d™ at the destination D, i.e., |4.+1] =1 for

free

Aee1={(aa®, )| (1, ) € Ay, i € L,+1} related to
the subset L, ={ilieL ,d® =d™} of L, go to step 10.

free free

Step 8: If there exist multiple NCCCs achieving the
codeword weight d™ at the D, ie., |A.+1]l>1 for

free
Arr1={(®, ) [ (1, D) € A,, i € Lo+1}  with  the
subset L_, ={ilieL,,d{ =d™} of L,, the number N,®
(i € L,+1) of codewords with the weight d,.. is compared
and determine the smallest number N,™". Then, determine
A2 ={(cn®, ) | (e, o) € A, 41, 1 € Lo+ 2} related to
the subset L.+ 2= {ili € Ly+1, Nu®= Ny™} of L+ 1.

Algorithm 1 The proposed ONCCCS

Input: m, Ky, Kz, N1, Nay NCCC (e, 2") (1 < i < 4™) over GF(2™).
Output: The optimal NCCC .

1: Determine A={(a,

L={L2,..4"}.

). (e?,e5?), o (" )}

2: Determine all 2" *¥2) source information symbol sequences.
3:fori=1to4"do

4: Determine Co®(N; + N, Ky + K;) and its free distance d{. .

5: end for

6 s 8D
7
8
9

free

: Determine the maximum free distance d™ of d., d®

free free? “free

:Setr=1,L =L, A =41.

cfor w=d™ to N,+N, do

free

L. ={ilieL, d% =w},

Ay ={(e” e ex”) e Aiel ;}.
10: if | A, =1 then

11 The codeword weight distribution WS for ieL,,, is optimal.

T+l
Determine o, related to WS and break the algorithm.
12: else

13: For each ieL,,,, determine the number N© of the codewords

7+l 0
with the codeword weight w and the smallest number NJ™ .
L,={iliel,,, N\fvi) = NvTin}v

A :{(afi)va?)»(%i)vag)) €Ay iel L}

14: if w<N,+N, then
15: if | A, [>1 then
16: < r+1 and let d¥, be the minimum codeword weight

of CO(N,+N,, K, +K,) forieL, .

17: end if
18: else
19: Randomly select an element from A_,, as the optimal o

corresponding to the best codeword weight distribution W
for ielL,, ,and break the algorithm.

20: end if
21: endif
22: end for

Step 9: Check w and A+ 2,

(i) f w<Ni+Nzand [4,+2]>1, increase z and d™ by

free

1 each, let d{” be the minimum codeword weight of

free

Co®(N1+ Ny, K1+ Kp) fori e L,, and go to step 7.

(i) If not, i.e., w = N+ Nz or | 4,+2|=1, randomly select
an element from A.., as the optimal NCCC aop
corresponding to the optimal codeword weight
distribution Wp® for i € L,+ .

Step 10: The codeword weight distribution Wp® for
i € L.+1 is optimal. Determine the unique NCCC aup
corresponding to Wp® and terminate the algorithm.

In order to facilitate a clearer understanding of the
aforementioned steps, Algorithm 1 explains the generated
process of the optimal NCCC aqpt.

3.2 Low-Complexity Optimized NCCC
Selection (LC-ONCCCS) Algorithm by
Local Search

The ONCCCS algorithm employs an exhaustive
search approach, evaluating all 4™ potential NCCCs by
considering all 2mK+*K2 soyrce information symbol se-
guences [m1, my]. However, as m, K; and K; increases, the
computational complexity grows substantially. To address
this, the LC-ONCCCS algorithm by local search is intro-
duced, which examines only B (B < 4™) candidate NCCCs
instead of the full set by taking into account E
(E < 2m(e#K2)) Jocal sequences of 2mKiK2) gource infor-
mation symbol sequences. From this reduced subset, an
optimized NCCC is selected, ensuring an improved weight
distribution while lowering computational overhead. The
details are as follows:

Step 1: Determine the set A comprising B NCCCs
and the set L containing B related selection indices, i.e.,

A={(a&,a"),(d?,&?),..(4" &)},  (16)
L={2,..,B} (17)

where o1®, e GF(2™) for 1 <i<B. The procedure for
obtaining B NCCCs is as follows:

(i) Construct a matrix C of size 2™x 2™. Specifically,
form a row vector ro=[0,1,a,...,&2" ~?] using the 2™
elements 0,1,c,...,&2" 2 over GF(2™). Perform a cy-
clic right shift of ro by k (k=0,1,...,2™— 1) positions
to obtain the vector ry. Then, use the vector ry as the
(k + 1)-th row of the matrix C, resulting in a 2™ x 2™
matrix C denoted as

m-1_ m_
0 1l «a a’ a??

"2 P AR
o (18)

m-1_ m_.
1 a ... a> a’? 0
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(ii) For the j-th row (j = 1,2,...,2™) of the matrix C, C; el-
ements are selected according to the following rules:
a) For the first row (j = 1), C; elements are selected
sequentially from the first element 0 to the last ele-
ment o 2 b)For the subsequent 2™-1 rows
(j=2.3,...,2™), the selection begins at the element o2
and continues through the rightmost element. c) If
none of the first " " elements is included in the cur-
rent selection for the j-th (j=1,2,...,2™) row of the
matrix C, the first element of that row is added to the
selection, ensuring that at least one element from each
of the first and second halves (each containing 2
elements) is selected. Next, C; (j=1,2,...,2™) ele-
ments in each row of the matrix C are selected.

(iii) For each selected Cj (j = 1,2,...,2™) elements of C,
two elements are chosen, where the fixed element is 0
forj=1anditis =2 for j=2,3,...,2™. Based on this
method, B reasonable candidate NCCCs from the total
4™ possible NCCCs are determined.

Step 2: Determine E source information symbol
sequences with the following steps:

(i) From the selected Cj; (j1=1,2,...,K1) elements gener-
ated in step 1, determine its Cj, (Cj,< Cj,) non-zero el-
ements and select the elements from these non-zero
elements to serve as the non-zero symbols of the in-
formation symbol sequence m; with length K; at the
source node S;.

(ii) Similarly, among the chosen Cj, (j2= 1,2,...,K>) ele-
ments obtained from step 1, identify its Cj, (Cj,< Cj,)
corresponding non-zero entries, from which the
min(Kz— j2+ 1, Cj,) elements are extracted to form the
non-zero symbols of the length K; information sym-
bol sequence m; at S,.

(iii) By combining (i) and (ii), E source information
symbol sequences [mi, mz] of length Ki+K; are
effectively obtained from the total 2"*1*K2 source
information symbol sequences.

Step 3: The remaining steps follow steps 3—-10 of the
ONCCCS algorithm, ultimately an optimized NCCC a.c is
determined among B NCCCs obtained in step 1.

Algorithm 2 provides a comprehensive summary for
the generation ¢ of the LC-ONCCCS algorithm.

4. Parallel Joint RS Decoding in the
Destination

Since the proposed NC-RSCC-MIMO system consists
of two communication transmission processes in Fig. 1,
a parallel joint RS decoding scheme (as shown in Fig. 2)
utilizes Euclidean algorithm to perform decoding on the
estimates (i.e., |a%|w%| and |a%|Ww%|) of |uS|w®| and
|uS2|ws:|, respectively. The decoding process comprises

two similar stages: The joint RS decoder-1 is responsible
for processing % and W%, while the joint RS decoder-2
handles &% and w*:. A detailed description of the procedure
is provided below.

During the decoding process of the joint RS decoder-
1, the RS; decoder decodes @ to generate the estimate m;
of the information symbol sequence m; at the S; (see
Fig. 1), along with the corresponding codeword symbol
sequence u* of the estimate m;. The network coding module

Algorithm 2 The proposed LC-ONCCCS

Input: m, Ky, Ko, Ny, Ny GF(2") ={0.1 @...a” 7}
Output: The optimized NCCC «/ .

1: Form a row vector r, =[0,1,...a* ?].

2:fork=0to 2" -1 do
Perform a cyclic right shift of r, by k (k=0,1,...,2" —1) positions

to obtain the vector r, .

w

> end for
: Construct a matrix C=[r,,r,,...,r,, ] of size 2"x2".

~

: For the 1strow of C, C, elements 0,1, ¢,..,a” 2 are selected.

:forj=1to 2" do
if j =1 then

Obtain C; elements 0,1, a,...,a® 2 . Two elements are chosen from

the C; elements to get B; candidate NCCCs, in which the

fixedly selected element is O.
9: else

10: For the j-th row of C, selection begins at the element ' and
continues through the rightmost element.

11: if none of the 1% 2" " elements are in the selection then
12: The 1st element in the j-th row of C is added to the selection,

and C; elements are obtained. Select two elements from the
C, elements to generate B; candidate NCCCs, in which the

fixedly selected element is o'
13: end if
14: endif
15: end for

16: Determine B =B, +B, +...+B,, NCCCs from 4™ possible NCCCs.

17: Determine L ={1,2,...,B}.

18: forj;=1to K, do

19: From the selected C; elements, determine its le non-zero elements
and select the min(jl—K1+LCh) elements from these non-zero

elements to serve as the non-zero symbols of m, at S, .

20: end for
21: forj,=1to K, do

22: From the chosen C, elements, identify its C;, non-zero entries,
from which the min(j, - K, +1, CJ.Z) elements are extracted to form

the non-zero symbols of m, at S, .

23: end for

24: Determine E source information symbol sequences [m,,m,] of
length K, + K, from the total 2"**%2) information sequences.

25: Apply steps 3-10 of Algorithm 1 to get an optimized NCCC «,. .
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then performs a linear combination operation
() 185+ () 1S on the obtained &% and W%,
generating the estimate v52 of the codeword symbol se-
quence v% at the S,. This estimated sequence undergoes
further decoding by the RS, decoder to ultimately obtain
the estimate m;" of the information symbol sequence m;' at
the S,. Flnally, the symbols-to-bits (S/B) module converts
m; and my' into the bit sequences b1 and by', which serve
as the final estimates for the information bit sequence b; at
the S; and the information bit sequence b,' at the S,.

The joint RS decoder-2 employs a decoding proce-
dure analogous to that of the joint RS decoder-1, generat-
ing the estimated sequences b;' and b, for the information
bit sequence b;' at the S; and the information bit sequence
b, at the Si, respectively. The combiner processes four
estimated sequences by, b2', by’ and b, by reorganization,
forming two new merged sequence pairs, i.e., [bl, bz] and
[b1', b2']. The first pair serves as the final estimate for the
information bit combination [by, b2] at the Si, while the
second pair forms the final estimate of the information bit
combination [by', b2'] at the Sa.

5. Simulation Results

This section examines the BER performance of the
proposed NC-RSCC-MIMO system and its comparative
systems in Rayleigh fading channels. In Sec. 5.2, the per-
formance of the proposed system under additive white
Gaussian noise (AWGN) channel is employed as a bench-
mark and compared against its performance under Ray-
leigh fading channels. For AWGN channel, it has
a constant gain. In the case of slow Rayleigh fading, the
channel stays unchanged throughout the transmission in-
terval of a codeword but changes between different code-
words. Conversely, fast Rayleigh fading channel varies for

each transmitted modulated signal. The fading coefficients
in both slow and fast Rayleigh fading channel models fol-
low CN(0,1). The Rayleigh fading channel models are flat
and thus free from inter-symbol interference. This ap-
proach allows clearer identification of the intrinsic rela-
tionship between system parameters and error perfor-
mance. Table 2 displays the encoding parameters of three
RS code pairs RSi(Ni, K1, di) and RSz(Nz, Kz, d2), their
optimized NCCCs generated by the proposed ONCCCS
and LC-ONCCCS algorithms, the adopted finite fields and
the corresponding primitive polynomials for each Galois
field, where S, 4 and 7 correspond to the roots of
1+x+x4, 1+x2+x5 and 1+x+ x5, respectively. In the
cooperative communication environment, the signal-to-
noise ratio (SNR) of S;-D, Sp-D, and S;-S; links are ex-
pressed as js,.p, /5,0 and s, s, respectively. The optimal
detection is realized through the MLD method. It should be
noted that the MLD strategy intrinsically accomplishes
channel compensation during its optimal decision process,
thereby rendering a separate equalization algorithm unnec-
essary. Perfect channel state information and ideal S;-S;
link are supposed for the dual benefits of reducing simula-
tion time and better clarifying the impact of system param-
eters on error performance. Non-ideal S;-S; channel con-
ditions are introduced to evaluate the impact of realistic
inter-source link constraints on system error performance.
Table 3 presents the primary simulation parameters for the
proposed NC-RSCC-MIMO system under three different
scenarios defined in Tab. 2, where %,0<%,p+2dB is
chosen to reduce the runtime, n,< 6 is constrained to sim-
plify the receiver configuration, and the modulation order
M for M-QAM is determined by the number of elements in
GF(2M), i.e.,, M=2" All the numerical experiments are
conducted in MATLAB. The following simulated results
are ultimately presented as the BER performance curves
versus SNR (7,.0).

—-—-»Time Slot-2
s i b b, ; 0%
LN RS, Decoder |--» S/B |- —-» «-11 /B -1| RS, Decoder [«--
: N T
el 0%

W2 AS
W_,| Network Combiner Network | W~ _
Coding Coding
e 0s |
. v . A . v .
Joint m, b, b, M Joint
RS RS, Decoder --—» S/B [1-- <=1 S/IB [«-%| RS, Decoder RS
Decoder-1 . Decoder-2
A A | | A A
(b;,b,) | 1 (b1,b3)

vV

Fig. 2. Parallel joint RS decoding in the destination.
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. RS code pairs - . Fields’ primitive
Scenarios RS1(N1, Ki, d1), RS2(Nz, Kz, dz) Optimized NCCCs Fields polynomials over GF(2)
M RS,(15,3,13) , RS,(15,2,14) topr = (B, B) , oc =(°, ) GF(2")={0,1,5,...5"} 1+x+x*
M, RS,(31,11,21) , RS,(31,8,24) ae=%1) GF(2°)={0,1,4,..,4%} 1+ X2+ x°
M RS, (63,28,36) , RS,(63,20,44) a. =) GF(2°)={0,1,7,...7%} 1+x+x°
Tab. 2. Optimized NCCCs and the relevant parameters for the three scenarios.
Relationship between i
Scenarios| Channel models d MIMO Modulation Equ_lvalent_ cod_e Detection Decoding
Ys,p @nd ¥s o setups rates in destination
7s,0 =7Vs,.p
slow/fast Rayleigh _ +1dB 46 : _ proposed parallel
M fading channel Vo =750 =5 16-QAM (M = 16) 5/30 MLD joint decoding
Vs,p = 7S,‘D+2 aB
slow/fast Rayleigh _ +2dB —3456 ; _ proposed parallel
M, fading channel Ys,0 =750 n,=34,56 [32-QAM (M =32) 19/62 MLD oint decoding
M slow/fast Rayleigh Ve o =7 g +20B n =46 [64-QAM (M = 64) 48/126 MLD proposed parallel
8 fading channel 20 75D T joint decoding

Tab. 3. Simulation parameters.

5.1 Impact of Varying NCCC Selection
Algorithms on the NC-RSCC-MIMO
System

Figure 3 gives the impact of different NCCC selection
algorithms on the BER of NC-RSCC-MIMO system in
scenario M; over slow Rayleigh fading channel. This SNR
of S;-S; link is assumed to be infinite (ys,s, = o, i.e., noise-
free or ideal), with 5,0 = 5,0 + 2 dB employed. By apply-

BER

10° . ‘ . ; .
- $— -NC-RSCC-MIMO (M1), ONCCCS, 16-QAM
e NC-RSCC-MIMO (M,), LC-ONCCCS, 16-QAM 10° i
10-1 VS USK NC-RSCC-MIMO (M1), RNCCCS, 16-QAM 4 NC-RSCC-MIMO (MZ), RNCCCS, 32-QAM
s PV —g— NC-RSCC-MIMO (Mz)’ LC-ONCCCS, 32-QAM
B
~§. 10—6 1 I I 1 1 1 I 1
102 ¢ R‘u E 0 2 4 6 8 10 12 14 16 18
‘f,\ SNR (dB)
ﬁ 103 ¢ b\ 1 Fig. 4. Performance comparison of various NCCC selection
o b\ algorithms in the NC-RSCC-MIMO system under
N scenario M with 32-QAM and n, = 4.
4l N A . - .
10 B’\ ing the two proposed optimized NCCC selection algo-
”\ rithms (i.e., ONCCCS and LC-ONCCCS), the resulting
105k R optimized NCCCs are obtained, as presented in Tab. 2.
; Simulation results indicate that the system performance is
. ‘ . ‘ . ‘ . very close between the LC-ONCCCS and ONCCCS algo-
07 2 4 6 8 10 12 14 rithms across the entire SNR range. The observed phenom-
SNR (dB) enon results from both algorithms® ability to generate
Fig.3. Performance comparison of various NCCC selection equivalent linear block codes exhibiting the same minimum

algorithms in the NC-RSCC-MIMO system under
scenario M; with 16-QAM and n, = 4.

distance (i.e., 20) at the destination, showing the LC-
ONCCCS algorithm enables to achieve optimized code-
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Fig. 5. Performance comparison of various NCCC selection
algorithms in the NC-RSCC-MIMO system under scenario
M; with 64-QAM and n, = 4.

word weight distribution and verifying it is able to realize
compromise between the computational efficiency and
achievable error performance. Furthermore, in Fig. 3, the
quantitative performance comparison with the random
NCCC selection (RNCCCS) algorithm generating the small
free distance (i.e.,, 15) shows that both the proposed
ONCCCS and LC-ONCCCS algorithms deliver significant
error performance enhancement via codeword weight op-
timization in the constructed equivalent codes at the re-
ceiver. At BER =4 x 1075, the NC-RSCC-MIMO system
gains roughly 2 dB and 1.75 dB SNR improvement using
the ONCCCS and LC-ONCCCS algorithms compared to
the RNCCCS algorithm.

The LC-ONCCCS algorithm achieves a better balance
between complexity and error performance, demonstrating
particular suitability for scenarios M, and M3 characterized
by longer information block lengths and more field ele-
ments. The system performance employing this algorithm
is illustrated in Figs. 4 and 5, with the optimized NCCCs
for scenarios M, and M3 detailed in Tab. 2. The conditions
76,0 < 6,0+ 2 dB and js,s, = o are supposed. The results in
Figs4 and 5 also demonstrate a notable enhancement in
performance when employing the LC-ONCCCS algorithm
as opposed to the conventional RNCCCS approach.

5.2 Error Performance of the NC-RSCC-
MIMO System under Different Channels

This subsection evaluates the BER performance of the
NC-RSCC-MIMO system in scenarios M1, M, and M3 over
slow Rayleigh fading, fast Rayleigh fading and AWGN
channels, where ,s,=0 and w%,p<p%,0+2dB are
utilized. The scenario M; employs the optimal NCCC
generated by the ONCCCS algorithm, while the scenarios
M and M3 utilize the optimized NCCCs obtained by the
LC-ONCCCS algorithm, as displayed in Tab.2. The
comparative analysis of the system BER performance gap

Fig. 6. Performance curves of the NC-RSCC-MIMO system
in scenario M; over different channels with 16-QAM.

T T T T T

NC-RSCC-MIMO

T T
(Mz), slow, nr=4
—g— NC-RSCC-MIMO (Mz)' slow, nr=6
—#— NC-RSCC-MIMO (M,), fast, n =4 E
= =~ -NC-RSCC-MIMO (M,)), fast, n =6

(

(

—p— NC-RSCC-MIMO (M,), AWGN, n =4 1
—©— NC-RSCC-MIMO (M), AWGN, n =6
o
W 103 L 4
W 10
10-4 L 4
10° E
10-6 > L I L
4 6 8 10 12 14 16 18 20

SNR (dB)

Fig. 7. Performance curves of the NC-RSCC-MIMO system
in scenario M, over different channels with 32-QAM.

between the AWGN and fading channels in Figs. 6-8 ex-
hibits the performance superiority of the AWGN channel,
which benefits from the absence of fading in contrast to the
random signal attenuation inherent to fading channels.
Furthermore, against the AWGN channel benchmark, we
guantitatively demonstrate that the fast fading condition
yields better performance than the slow fading condition.
This performance enhancement stems from the rapid chan-
nel variations in fast fading environments, which induces
statistically independent fading across successive time
intervals. The resulting channel fading independence effec-
tively compensates for the channel-induced signal degrada-
tion, thereby improving the system’s performance.

Figure 6 shows that the NC-RSCC-MIMO system
separately achieves 4.9 dB and 1.4 dB gains over AWGN
channel compared to slow and fast Rayleigh fading
channels at BER = 10~* with n,= 6, indicating that the fast
fading condition exhibits a 3.5 dB advantage over the slow
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Fig. 8. Performance curves of the NC-RSCC-MIMO system
in scenario M3 over different channels with 64-QAM.

fading condition. Figures 7 and 8 further validate this
trend: 1) In Fig.7 at BER = 10~ with n,=6, the corre-
sponding gains of the AWGN channel are 5.8 dB and
1.25 dB, resulting in a 4.55 dB gain for fast fading. 2) In
Fig. 8 at BER = 10* with n,= 6, the respective gains are
4.9 dB and 1.2 dB, yielding a 3.7 dB gain for fast fading.

5.3 Influence of Various SNRs between Two
Sources on the NC-RSCC-MIMO System

Under the SNR of S;-S; link satisfies s, s, = o (ideal),
each source node can perfectly decode the information
from the other. However, in practical scenarios, the inter-
source links generally operate under non-ideal conditions
(i.e., 5,5, # ). Thus, this subsection conducts a compara-
tive performance analysis of the NC-RSCC-MIMO system
under various S;-S; link conditions.

Figures 9—-11 demonstrate the impact of different val-
ues of s,s, on the BER performance of the NC-RSCC-
MIMO system in these scenarios My, M, and Ms, where fast
Rayleigh fading channel and ,p=7,0+2 dB are em-
ployed. In scenarios M1, Mz and Ms, the optimized NCCC
selection patterns generated by the ONCCCS, LC-
ONCCCS and LC-ONCCCS algorithms are separately
used and the detailed parameters are provided in Tab. 2.
Simulation results reveal that under the bad Si:-S link con-
ditions (i.e., %,5=13dB and 14 dB for scenario My,
7%.5,= 15 dB and 16 dB for scenario My, and 5,5,= 19 dB
and 20 dB for scenario M3), the system exhibits degraded
performance and encounters an error floor at high SNR.
This phenomenon arises from decoding errors at the source
node, inducing uncontrolled error propagation along the
transmission path. This issue can be effectively mitigated
through implementation of a cyclic redundancy check
(CRC) technology. Notably, when this S:-S; link increases

BER
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Fig. 9. Error performance of the NC-RSCC-MIMO system in
scenario M; under different S;-S, link conditions with
16-QAM and n, = 4.
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Fig. 10. Error performance of the NC-RSCC-MIMO system in
scenario M, under different S;-S, link conditions with
32-QAM and n,= 5.

to higher level (i.e., p,s5=17dB for scenario My,
%..5,= 19 dB for scenario My, and s, s,= 23 dB for scenario
Ms), the performance difference between the practical
operating conditions and the ideal case (7s,s,=) dimin-
ishes significantly. As depicted in Fig. 9, the system under
favorable S:-S; link condition (i.e., j,s,= 17 dB) exhibits
only 0.2dB degradation relative to the ideal case at
BER = 2.9 x 106, Similarly, Figures 10 and 11 separately
demonstrate performance gaps of 0.16 dB and 0.16 dB
under high-quality S;-S, link conditions when compared
with the ideal scenario (js,s,= ) at BER = 105. These
experimental findings robustly validate the proposed NC-
RSCC-MIMO system can achieve exceptional performance
in practical applications with well-conditioned Si-S; links.
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Fig. 11. Error performance of the NC-RSCC-MIMO system in

scenario Ms under different S;-S; link conditions with
64-QAM and n,= 6.

5.4 Performance Comparison of the NC-
RSCC-MIMO System under Different
S2-D Link Conditions

Figure 12 presents the BER performance evaluation
of the NC-RSCC-MIMO system in scenario M; over fast
Rayleigh fading channel, examining the impact of different
S2-D link conditions (represented by the values of y,p) on
system performance, in which higher ,p indicates the
shorter S,-D distance compared to the S;-D link. The pa-
rameter configuration j,s,=c and the optimal NCCC
from Tab. 2 are adopted.

Due to the full exploitation of the additional SNR
gain at the source node S, it enables to get more reliable
joint signal detection and consequent system improvements
compared to its counterparts, where the case y,p= 5,0 in
Fig. 12 denotes the non-cooperative scenario. For instance:
1) For n,=4 at BER = 7x107%, the s5,0= j5,0+ 2 dB case
gets 1dB and 1.5dB gains relative to the cases
¥%,0= ¥s,0+ 1 dB and ,0= %,0 (noOn-cooperative case),
respectively. 2) For n,=6 at BER =4x10°, these SNR
gains are about 0.75 dB and 1.1 dB, respectively.

5.5 Impact of Various Receive Antenna
Number on the NC-RSCC-MIMO System

Figures 13 and 14 present a comparative BER of the
NC-RSCC-MIMO system in scenario M, with varying
receive antenna number n,, under the assumptions
¥,0= y,0+2dB and p,s,=c. The adopted optimized
NCCC vyielded by the LC-ONCCCS algorithm is listed in
Tab. 2. The experimental results show progressive
enhancement with each additional antenna. This achieved
performance boost originates from enhanced spatial
diversity gain facilitated by the incorporation of extra receive
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g. 12. Effect of various S,-D link conditions on the NC-
RSCC-MIMO system BER performance in scenario
M; with 16-QAM.
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Fig. 13. Performance impact of different receive antenna

number n, on the NC-RSCC-MIMO system in scenario
M, over slow Rayleigh fading channel with 32-QAM.

antennas. For example, Figure 13 presents that the BER
performance is 1.4 x 10 for n,=3, while separately
improving to 2.8 x 104, 5.3 x 10° and 2 x 1078 for n,= 4,
5 and 6 at SNR=14 dB. Figure 14 shows the
corresponding BER is 3.6 x 103, 2.1 x 104, 2.5 x 10 and
10%forn,= 3, 4,5and 6 at SNR =9 dB.

The computation time of the simulations relies on the
parameter values. For the results presented in Fig. 13, the
computation times are as follows: 1) 1.3 hours for n,= 3.
2) 1.4 hours for n,=4. 3)1.41 hours for n,=5. 4) 1.42
hours for n,=6. It can be observed that increasing the
number of antennas slightly adds the runtime required.
Furthermore, this section analyzes the computational com-
plexity of the proposed NC-RSCC-MIMO system. The
analysis primarily focuses on the detection complexity at
the destination, as the variation in overall system complexity
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Fig. 14. Performance impact of different receive antenna
number n, on the NC-RSCC-MIMO system in scenario
M over fast Rayleigh fading channel with 32-QAM.

ty under different n; is predominantly reflected in the pro-
cessing of the destination. Specifically, the detection com-
plexity ¢p at the destination is expressed as the sum of the
MLD complexity gpmip and the parallel joint RS decoding
complexity gpec, i.€., 9o = gmp + goec. In the complexity
analysis, the addition and multiplication operations are
taken into account, thus getting the related expressions
OMLD = 2(N1 + Nz)(3n|—+ 2M — 1) and ¢YDEC = 4M(Iog2(M))2.
For example, with N;= N2= 31 and M = 32, the value of ¢p
is 12128 for n,= 3 and increases to 13244 for n,= 6. Com-
pared to the configuration with n,= 3, the slight increase of
8.4% in computational complexity is observed for the case
with n,= 6.

Based on runtime and complexity analysis, the pro-
posed NC-RSCC-MIMO system exhibits excellent scala-
bility as the number of receive antennas increases, demon-
strating only marginal growth in both runtime and
computational load. This favorable scaling characteristic
indicates strong hardware feasibility by enabling efficient
implementation on general-purpose processors without
requiring costly specialized hardware. Furthermore, the
deterministic operational procedures of the parallel joint
RS decoding architecture ensure consistently low decoding
latency, making the system well-suited for the fifth genera-
tion (5G) real-time communication applications.

5.6 Performance Comparison of the NC-
RSCC-MIMO System versus the Existing
Systems

Figure 15 compares the proposed NC-RSCC-MIMO
system (M; scenario with optimal NCCC from Tab. 2)
against five state-of-the-art systems over slow Rayleigh
fading channel, i.e., RS coded cooperative SM (RSCC-SM)
[20], reconfigurable intelligent surface (RIS) assisted
LDPC coded cooperation (RIS-LDPCCC) [21], RIS assist-
ed polar coded cooperation (RIS-PCC) [22], Goppa coded

cooperative generalized SM (GCC-GSM) [23] and distrib-
uted generalized RS coded generalized SM (DGRSC-
GSM) [24] under the identical spectral efficiency and code
rate.

The evaluation uses 7s,s,=, »%,0= 5,0+ 2 dB and
MLD method. The corresponding spectral efficiencies of
the NC-RSCC-MIMO system, GSM-based systems and
other comparative systems are separately logz(niM),

O.SLIogz(Cn”‘“)J+O.5Iogz(M) and 0.5logz(nM), where n;

and M are separately the transmit antenna number and
modulation order of each system, and n, (ny<ny) is the
active transmit antenna number of GSM-based systems.
Note that in the NC-RSCC-MIMO and the RIS-aided sys-
tems, the number of transmit antennas is set to one, i.e.,
nt= 1. Since the NC-RSCC-MIMO system in scenario M;
is considered, its spectral efficiency is logx(16) =
4 bits/s/Hz. For realizing the same spectral efficiency of
4 bits/s/Hz, the RIS-aided systems utilize 256-QAM and
ni=1, the RSCC-SM system uses 16-QAM and n;= 16,
whereas the GSM-based systems employ 16-QAM, n;=7
and n,= 2. To maintain a consistent equivalent code rate of
5/30 at the destination, four equivalent coding schemes are
employed: 1) The RSCC-based systems and the DGRSC-
GSM system employs the (30, 5) non-binary code. 2) The
RIS-LDPCCC system uses the (120, 20) binary LDPC
code. 3) The RIS-PCC system adopts the (128, 22) binary
polar code, where the selected 128-bit codeword length
fulfills the power-of-two constraint while providing a close
approximation to desired 120-bit target length. 4) The
GCC-GSM system employs the (120, 20) binary Goppa
code. Also, three distinct decoding methods are implemented:

0
10 P T T T T T
. M
—NT @r‘g:é}_\‘a\ & a
PV =4y
102 ;
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Fig. 15. Performance comparison of the NC-RSCC-MIMO
system in scenario M;, RSCC-SM [20], RIS-aided
systems (i.e., RIS-LDPCCC [21] and RIS-PCC [22])
with 12 reflecting elements, GCC-GSM [23] and
DGRSC-GSM [24].
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1) The RSCC-based and GSM-based systems employ joint
decoding based on Euclidean algorithm. 2) The RIS-
LDPCCC scheme utilizes 12-iteration belief propagation
decoding. 3) The RIS-PCC scheme uses CRC aided
successive cancellation list decoding, incorporating list size
of L = 32 and 16-bit CRC.

Experimental evaluations confirm the superior per-
formance of the proposed NC-RSCC-MIMO system com-
pared to the SM-based and GSM-based systems with the
same ny, and other RIS-assisted systems at high SNR. This
is attributed to three key innovations, i.e., MIMO diversity
exploitation, optimal network coding strategy and efficient
parallel joint decoding technique. For example, the pro-
posed system under n,= 6 demonstrates performance gains
of more than 1dB over the existing systems at
BER=4.1x 107

6. Conclusion

This manuscript proposes a novel dual-source single-
destination NC-RSCC-MIMO system that innovatively
utilizes RS codes at both source nodes to simultaneously
achieve coded cooperation and network coding. In the NC-
RSCC-MIMO system, the selection strategy of NCCC
critically determines the codeword weight distribution in
the destination. While the proposed ONCCCS algorithm
can achieve optimal system performance, it incurs prohibi-
tively high complexity when processing large field sizes
and long information sequences. To address the perfor-
mance-complexity trade-off, this paper develops the LC-
ONCCCS algorithm that maintains comparable error per-
formance to the ONCCCS while significantly reducing
computational overhead. Furthermore, an efficient parallel
joint RS decoding approach is implemented. Experimental
results show that the LC-ONCCCS algorithm delivers
performance nearly identical to the ONCCCS algorithm
and it also demonstrates substantial improvements over the
traditional RNCCCS. Compared with non-cooperative
systems, the proposed NC-RSCC-MIMO scheme exhibits
remarkable performance gains. Most notably, the proposed
NC-RSCC-MIMO system effectively integrates three key
technical advantages (i.e., MIMO spatial diversity, opti-
mized network coding and parallel joint decoding), ulti-
mately achieving superior performance over existing solu-
tions. The NC-RSCC-MIMO framework has rapid
encoding/decoding and enhanced BER performance, thus
being able to better satisfy the requirements of 5G ultra-
reliable low-latency communications. The demonstrated
reliability and spectral efficiency make the proposed NC-
RSCC-MIMO system particularly suitable for potential
application scenarios such as vehicular networks and D2D
communication, where robust link quality and low latency
are paramount. Future work will address near-optimal
NCCC selection algorithm and joint decoding optimiza-
tion.
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