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Abstract

This paper first describes a binary Low-Density Parity-Check (LDPC)-coded Probabilistic Shaping (PS) scheme for Multiple-
Input Multiple-Output (MIMO) systems based on Signal Space Diversity (SSD). Second, a Nonbinary (NB) LDPC-coded
PS scheme for MIMO systems based on SSD is proposed. The first scheme can be used to obtain a shaping gain, whereas the
second can also realize a coding gain. The theoretical average mutual information of the optimized rotated quadrature amplitude
modulation constellations is analyzed and the simulated error performance with 2 X 2 and 4 X 4 MIMO schemes is investigated.
The theoretical average mutual information analysis and simulation results show that the proposed NB LDPC-coded PS scheme
for MIMO systems based on SSD is reliable and robust, and is therefore suitable for future wireless communication systems.

© 2021 Published by Elsevier Ltd.
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1. Introduction

To satisfy the growing demand for data traffic,
future communication systems require ultra-energy-
efficient transmission and high Spectral Efficiency
(SE) [1-5]. Multiple-Input Multiple-Output (MIMO)
systems use multiple transmitter antennas and multi-
ple receiver antennas for data transmission, enabling
spatial multiplexing gain and spatial diversity gain,
i.e., improved transmission rates and reliability [6].
Precoding and space-time coding [7] are effective
methods for improving the error performance of
fading channels. Precoding based on Singular Value
Decomposition (SVD) requires complete Channel
State Information (CSI) at both the transmitter and
receiver [8]. After passing through the SVD channel
matrix, the receiver has L independent Single-Input
Single-Output (SISO) channels, where L denotes
the number of transmitted layers. To obtain a
diversity gain and improve error performance in
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fading channels, Signal Space Diversity (SSD) [9]
can be obtained through a combination of optimized
rotated constellations and component interleaving.
The application of SSD in MIMO systems has been
investigated in [10, 11]. In [12], a precoded MIMO
scheme with SSD was developed to improve the
reliability of the system.

In most conventional MIMO systems, regular
uniform Quadrature Amplitude Modulation (QAM)
constellations are used, although this can result in
shaping loss compared with Gaussian-distributed
input data [13]. To obtain a shaping gain, Geometric
Shaping (GS) [14-16] and Probabilistic Shaping (PS)
[17-19] can be used. The constellation points of GS
are nonuniformly distributed with equal probability,
whereas the constellation points of PS are equally
spaced with unequal probability. The optimization
of GS constellations is based on the Signal-to-Noise
Ratio (SNR) and SE. A constant composition distri-
bution matcher [20] is used to generate an unequal
amplitude distribution in the PS scheme. Most
previous work on PS [21-24] has assumed an additive
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white Gaussian noise channel. For Rayleigh fading
channels, a rotated-QAM-based PS scheme for SISO
systems has been investigated [25], and this achieved
higher SE than conventional regular uniform QAM
systems. PS has more significant advantage than GS,
is sufficiently flexible for rate adaptation, and enables
simpler hardware implementation.

For Fifth-Generation (5G) mobile communication,
Low-Density Parity-Check (LDPC) codes are used
in the uplink and downlink encoding schemes of
data channels [26, 27]. Compared with binary LDPC
codes, the parity check matrix of Nonbinary (NB)
LDPC codes over the Galois field GF(q) is sparser
[28, 29], making NB LDPC codes more suitable
for high-order modulation systems [30, 31]. The
combination of NB LDPC codes and MIMO trans-
mission was proposed in [32]. Compared with binary
LDPC codes, the combination of NB LDPC codes
and MIMO transmission realizes a coding gain that
can significantly improve the error performance of the
system.

In this paper, we first propose a binary LDPC-coded
PS scheme for MIMO systems based on SSD. Sec-
ond, to obtain a coding gain, an NB LDPC-coded PS
scheme for MIMO systems based on SSD is proposed.
Compared with conventional binary LDPC-coded
regular QAM MIMO systems in fading channels,
the combination of NB LDPC-coded PS and SSD
in MIMO systems achieves a coding gain, shaping
gain, and diversity gain. The theoretical Average
Mutual Information (AMI) and simulation results
show that the proposed NB LDPC-coded PS scheme
for MIMO systems based on SSD is reliable and
robust, and is therefore suitable for Sixth-Generation
(6G) communication systems.

Throughout this paper, E[-] denotes the expec-
tation, (-)7 represents transposition, (-) denotes
conjugate transposition, and (-);, ()¢ denote in-phase
and quadrature components, respectively.

The remainder of this paper is organized as follows.
In Section 2, the system model of the proposed NB
LDPC-coded PS scheme for MIMO systems based
on SSD is proposed. AMI analysis of the proposed
scheme in fast fading channels is discussed in Section
3. Simulation results are presented in Section 4.
Finally, Section 5 gives the conclusions to this study.

2. System model

The system model of the proposed NB LDPC-coded
PS scheme for MIMO systems based on SSD is shown
in Fig. 1. Assume that perfect CSI is known for both
the transmitter and the receiver. In Fig. 1, the Ng X Nr
MIMO system has rank L, where Ny and Ny denote
the number of receiver and transmitter antennas, re-
spectively. In the transmitters, k£ uniformly distributed

data bits U?in pass through the Distribution Matcher

(DM) according to the probability distribution P4, and
are then assigned n nonuniformly distributed ampli-
tudes A. The DM suffers some code rate loss. The
code rate of the DM is

Fam = k/n (1)
Asn — oo,
k
lim — = H(Py) 2
n—oo

where H(P,) denotes the entropy of the unequal am-
plitude probability distribution P4. The length of
k is [log2 |TI’§AH, where T;A denotes a set of vec-
tors of length n satisfying probability distribution Py,
and |-] represents the rounding down operation. One
gray-labeled M-QAM symbol consists of two orthog-
onal VM Pulse Amplitude Modulation (PAM) sym-
bols, i.e., for 1I6QAM symbols and 64QAM sym-
bols, the one-dimensional 4PAM and 8PAM schemes
can be considered, respectively. The amplitude set
A ={3.0, 1.0} is used for the 4PAM constellation sym-
bols, while the amplitude set A = {7.0,5.0, 3.0, 1.0} is
considered for the SPAM constellation symbols.

The amplitude labeling function y4(-) maps sym-
bols to a binary bit sequence. For the 4PAM symbols,

xa@B) =1 xa(1)=0 3)

and for the 8PAM symbols,

xa(1) =00 xa(5) =01 xa(3) =11 xa(l)=10
4)
The labeled nonuniformly distributed data bits b, are
used for the amplitude part of the modulation symbols.
Assume that the LDPC code rate is r and the uniform
data bits U }fl.n have a length of y,,, with

Vo =mnr —(m—1)n 5)

where m = log, M/2. 7y, > 0 means that the LDPC
code rate must be no less than (m — 1)/m. The total
code rate R can be computed as follows:

k+vy, k+mnr—(m-1)n 1 k m-—1
= = = —— 47—

mn mn m n

R
m

(6)
The data bits by;, and U;fm are converted into input
information symbols for the NB LDPC code by
Series-to-Parallel (S/P) conversion, which generates
u? and u’, respectively. The generated parity symbols
c are then converted into data bits g by Parallel-to-
Series (P/S) conversion. The connection of data bits
U Ifm and g is used for the sign part of the modulation
symbols. To achieve a diversity gain on fading chan-
nels, the modulated symbols s = {s,,sQ}T are then
rotated and the symbols x = {x,,xQ}T are generated.
These symbols can be expressed as follows:

x| _| cos@ sin@ Sy 7
xo | | —sinf cosf )
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Fig. 1: System model of proposed NB LDPC-coded PS scheme for MIMO systems based on SSD.

where 6 denotes the angle of rotation. The rotated
symbols x are then mapped to L layers, and a spatial
Q-component interleaver is applied to the Q compo-
nents of the symbols in L layers. The Q-component in-
terleaver has no effect on the I-component of the sym-
bol. Therefore, the I-component of the symbol and
the Q-component of the symbol after the spatial Q-
component interleaver are subjected to different fading
rates, which reduces the correlation between the spa-
tial [-component and Q-component. To reduce the cor-
relation between the I-component and Q-component
in the time domain, the Q-interleaver is applied to all
layers, which are interleaved by a pseudo S-random
interleaver. The symbols are then subjected to spatial
precoding and mapped to the Ny transmitter antennas.
We obtain the spatial precoding matrix using SVD,
and decompose the Ng X Ny MIMO channel matrix H

as
H=UAV? (8)

where U and V are Ny X Nr and Ny X Ny matrices,
respectively. U and V are unitary matrices. A is an
Ng X Ny diagonal matrix with rank L. V is the pre-
coding matrix and U is the MIMO detection matrix.
Thus, after MIMO detection, the symbols z can be ex-
pressed as

2=UHHVs + Un = As+ 1/ 9)

where n and n’ denote the column vectors of Ny X 1
complex Gaussian random variables with means of
zero and variances of o = % Here, Ny denotes the
single power spectral density. After passing through
the time-domain Q-deinterleaver and the spatial Q-
deinterleaver, the received symbols y are generated for
the L layers: y = [y;,---,y.]7. y; is demodulated by
calculating /; ;:

_ . Py(0) q:,;(vil0)
= T o 1o
Py(h)= Y. Py@ (11)
ae{0,1}:a;=b

where Pp,(b) denotes the probability that the j-th bit-
level of symbol Bis b, b € {0,1}. B= BB, B, =

label(x;),i = 1,2,---,n, where label(-) represents
symbol-to-bit mapping.
Pp(a)
ij b) = cWilXa 12
w00 = D, atknp G (1)

ael(0,1) :a;=b

wherei=1,2,--- ,n,j=1,2,---, f, f =log, M, and
q.(:]-) denotes the conditional probability density func-
tion. The rotated constellation is x, = {x,,, X4, }, Where
Xq, and x,, represent the real and imaginary parts of
Xg4, respectively.

e = L ex —(r = Wyl x4 = (g = lhgl - x4y
qITy a - W p 20_2

(13)
where h; and hp denote the real and imaginary parts
of fading channels, respectively.
The demodulated bit probability satisfies

PGy =0)+ Py = 1) = 1 (14)
L= ln[—P(y v 0)] (15)
P(yij=1)

fori = 1,2---n,j = 1,2,--- f. The demodulated bit
probability can then be written as

1
Py,i=0)= ——M—
(y J ) 1+ exp(—l,;j) (16)
POy = 1) = exp(=1; )
ST v exp(=1)

fori =1,2---n,j=1,2,--- f. After passing through
the demodulator, the input to the GF(g) LDPC decoder
can be calculated as

I~

Pl,_]

Pi(C) J=1

Pi(c) = = = =
2eecrq Pi(c)  Xeeorg Pi(c)

a7
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fori=1,2---n,j=1,2,--- p, p = log, q, where

_ P(y;j =0)
M PG =D

if($grp(©], =0

ifldghgen =1 ¥

in which [¢5}(q)(c)]j is the j-th binary mapping bit of
c for ¢ eGF(g).

The LDPC-decoded symbols #* and #° are then
mapped into data bits bpin and (A]}fm, respectively, by
P/S conversion. The amplitude inverse labeling func-
tion XZI (-) and inverse DM are then applied, and the
estimated transmitted bits {U7,, , Us, } are finally ob-
tained.

3. AMI analysis

The AMI reflects the maximum information rate
that can reliably be transmitted for a given system
[33]. In this paper, we consider the Bit-Interleaved
Coded Modulation (BICM) AMI in MIMO systems
for fading channels. For M-ary QAM constellations,
two orthogonal VM-PAM constellations are consid-
ered. The amplitude probability distribution is sat-
isfied by the Maxwell-Boltzmann (M-B) distribution
[34] for PS MIMO systems.

3.1. Optimal rotation angle based on AMI analysis

The BICM AMI for PS MIMO systems in fading
channels is calculated as follows:

L
Ipicm = Z I(ci,ylh)
=1

M
=L-(= ) P(x)log,P(x;))

i=1

2. POYIX, h)P(X)

Xey
L) Egnllogy—
2. Eean|log, Y. POlx. )P(x)

i=1 XEX‘}

log, M

19)

where x and y denote the discrete input constellation
point and the continuous output signal, respectively. x
and y., denote the constellation set and the constella-
tion subset, respectively, where the i-th bit ¢; € {0, 1}.
h represents the fading channel coefficients.

Using the AMI optimization criterion, for a
given SNR, the optimal rotation angle 6°7" and
Igicm(S NR,0°P") can be obtained. For a MIMO
system with N, = Ny = 2,L = 2, the curves of
0°P' versus Ipicy(SNR,6°P") in PS 16QAM and PS
64QAM are shown in Figs. 2 and 3, respectively. For
a MIMO system with Ny = Ny = 4, L = 4, the curves
of 6°P' versus Igicy(SNR,6°P") in PS 16QAM and
PS 64QAM are shown in Figs. 4 and 5, respectively.
For the proposed L-layer MIMO system with a total
code rate of R in M-QAM modulation, the theoretical
maximum information rate is I,,,, = LRlog, M. As

shown in Fig. 2 of [9], varying the rotation angle from
0-45 degrees is sufficient for constellation rotation
optimization. Therefore, rotation angles of 0-45
degrees are considered in this paper.

In Fig. 2, for the 2 x 2 MIMO case, PS1 and
PS2 for 4PAM are [3:1]=[0.3505:0.6495] and
[3:1]=[0.333:0.667], respectively. The total code
rates considered here are 4/5 and 5/6 for PS1 and
PS2, respectively. The optimal rotation angles are
18 degrees for PS1, PS2, and the uniform 16QAM
system in fast fading channels. In Fig. 3, the 2
X 2 MIMO scheme with 8PAM has PS3 and PS4
of [7:5:3:1]=[0.1265:0.213:0.30175:0.35875] and
[7:5:3:1]=[0.1135:0.206: 0.3065:0.374], respectively.
The total code rates considered here are 4/5 and 5/6
for PS3 and PS4, respectively. The optimal rotation
angles are 14 degrees for PS3, PS4, and the uniform
64QAM system in fast fading channels. In Fig. 4,
for the 4 x 4 MIMO system, the optimal rotation
angles are 18 degrees for PS1, PS2, and the uniform
16QAM system in fast fading channels. Finally, in
Fig. 5, the 4 X 4 MIMO scheme has optimal rotation
angles of 14 degrees for PS3, PS4, and the uniform
64QAM system in fast fading channels. In summary,
by traversing the search domain, we found that
probabilistic shaping can be directly used in MIMO
systems based on SSD. The optimal rotation angle of
the proposed PS QAM MIMO system is the same as
that of the conventional regular QAM MIMO system.

16QAM, 2 x 2 MIMO
T T T

6.6

Spectral efficiency [bits/s/Hz]

uniform rotated 16QAM with SNR=15dB
—— PSI1 rotated 16QAM with SNR=15dB

6.31 —— PS2 rotated 16QAM with SNR=15dB
62 i i i i i i i i
0 5 10 15 20 25 30 35 40
Angle [degree]

Fig. 2: SE vs. 6 for 16QAM 2 x 2 MIMO at SNR=15 dB.

3.2. AMI analysis of the proposed scheme

In Figs. 6 and 7, the theoretical SE is analyzed for
uniform 16QAM, uniform rotated 16QAM, and PS ro-
tated 16QAM in 2x2 MIMO systems. In Fig. 6, when
the SE is 6.4 bits/s/Hz, we achieve a diversity gain of
1.54 dB and a shaping gain of 0.40 dB using the PS1
16QAM 2 x 2 MIMO system with rotation of 18 de-
grees compared with the uniform 16QAM 2x2 MIMO
system. In Fig. 7, when the SE is 6.667 bits/s/Hz,
diversity and shaping gains of 2.00 dB and 0.30 dB,

45



Nonbinary ldpc-coded probabilistic shaping scheme for MIMO systems based on signal space diversity 5

64QAM, 2 x 2 MIMO
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Fig. 3: SE vs. 6 for 64QAM 2 x 2 MIMO at SNR=20 dB.

16QAM, 4 x 4 MIMO
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Fig. 4: SE vs. 6 for I6QAM 4 x 4 MIMO at SNR=15 dB.

64QAM, 4 x 4 MIMO
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Spectral efficiency [bits/s/Hz]
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Fig. 5: SE vs. 6 for 64QAM 4 x 4 MIMO at SNR=20 dB.

respectively, are realized with the PS2 16QAM 2 x 2
MIMO system with rotation of 18 degrees compared
with the uniform 16QAM 2 x 2 MIMO system.

Figures 8 and 9 show the theoretical SE for uni-
form 64QAM, uniform rotated 64QAM, and PS ro-
tated 64QAM in 2 x2 MIMO systems. In Fig. 8, when
the SE is 9.6 bits/s/Hz, we obtain a 0.65-dB diversity
gain and 0.60-dB shaping gain using the PS3 64QAM
2 x 2 MIMO system with rotation of 14 degrees com-
pared with the uniform 64QAM 2 x 2 MIMO system.
In Fig. 9, when the SE is 10.0 bits/s/Hz, the diversity
gain is 1.00 dB and the shaping gain is 0.50 dB using
the PS4 64QAM 2 x 2 MIMO system with rotation of
14 degrees compared with the uniform 64QAM 2 x 2
MIMO system.

Figures 10 and 11 present the theoretical SE for uni-
form 16QAM, uniform rotated 16QAM, and PS ro-
tated 16QAM in 4 x 4 MIMO systems. When the SE
is 12.8 bits/s/Hz, Fig. 10 shows that there is a 2.23-dB
diversity gain and 0.48-dB shaping gain using the PS1
16QAM 4 x 4 MIMO system with rotation of 18 de-
grees compared with the uniform 16QAM 4 x4 MIMO
system. In Fig. 11, when the SE is 13.334 bits/s/Hz,
we find a 2.95-dB diversity gain and 0.31-dB shap-
ing gain using the PS2 16QAM 4 x 4 MIMO system
with rotation of 18 degrees compared with the uniform
16QAM 4 x 4 MIMO system.

Figures 12 and 13 illustrate the theoretical SE for
uniform 64QAM, uniform rotated 64QAM, and PS ro-
tated 64QAM in 4 x 4 MIMO systems. In Fig. 12,
when the SE is 19.2 bits/s/Hz, we have a 1.08-dB di-
versity gain and 0.65-dB shaping gain using the PS3
64QAM 4 x 4 MIMO system with rotation of 14 de-
grees compared with the uniform 64QAM 4 x4 MIMO
system. In Fig. 13, when the SE is 20.0 bits/s/Hz,
there is a 1.65-dB diversity gain and 0.55-dB shap-
ing gain using the PS4 64QAM 4 x 4 MIMO system
with rotation of 14 degrees compared with the uniform
64QAM 4 x 4 MIMO system.

16QAM, 2 x 2 MIMO
R A A &

P68
65F 6.6
6.4

6.2

Spectral efficiency bits/s/Hz

6

—6— uniform 16QAM
—&— uniform rotated 16QAM 18 degree
—a— PS1 rotated 16QAM 18 degree

45 I I I I
0 5 10 15 20 25 30

E,/N, [dB]

Fig. 6: 16QAM 2 x 2 MIMO AMI: comparison 1.
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64QAM, 4 x 4 MIMO
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Fig. 13: 64QAM 4 x 4 MIMO AMI: comparison 2.

4. Simulation results

To evaluate the proposed NB LDPC-coded PS
scheme for MIMO systems based on SSD in fast
fading channels, Monte-Carlo simulations were con-
ducted to verify the performance gain. The end-to-end
Frame Error Rate (FER) performance was considered
at 1073, The length codes of the binary LDPC were
12000 bits and 12600 bits with a constant variable
node degree of d, = 3 for 16QAM and 64QAM, re-
spectively. To ensure a fair comparison, the code sym-
bol lengths of the GF(16) LDPC and GF(64) LDPC
were set to 3000 symbols and 2100 symbols, respec-
tively. The average variable node degree of GF(16)
LDPC codes is d, = 2.4, whereas that of GF(64)
LDPC codes is d, = 2. The binary LDPC codes
used the Log-BP decoding algorithm, whereas the NB
LDPC codes used Log-FFT-BP decoding. The max-
imum decoding iteration time for both binary LDPC
codes and NB LDPC codes was set to 30. The PS am-
plitude probability distribution satisfied the M-B dis-
tribution.

Figures 14 and 15 demonstrate the FER perfor-
mance of the I6QAM 2 x 2 MIMO systems with SE of
6.4 bits/s/Hz and 6.667 bits/s/Hz, respectively. In Fig.
14, compared with the binary LDPC-coded uniform
16QAM no-rotation system with a code rate of 4/5,
the optimized 18-degree rotation for the binary LDPC-
coded uniform rotated 16QAM system obtains a 1.97-
dB diversity gain, and a further 0.33-dB shaping gain
can be achieved with the optimized 18-degree rota-
tion in the binary LDPC-coded PS1 rotated 16QAM
system. Thus, the total performance gain of the pro-
posed binary LDPC-coded PS1 16QAM MIMO sys-
tem with SSD is 2.30 dB. Compared with the bi-
nary LDPC-coded uniform 16QAM no-rotation sys-
tem with a code rate of 4/5, the GF(16) LDPC-coded
uniform 16QAM no-rotation system with a code rate
of 4/5 obtains a 0.44-dB coding gain, and optimized

40

18-degree rotation for the GF(16) LDPC-coded uni-
form rotated 16QAM system gives a 1.88-dB diversity
gain. A further 0.44-dB shaping gain can be produced
using the optimized 18-degree rotation in the GF(16)
LDPC-coded PS1 rotated 16QAM system. Compared
with the GF(16) LDPC-coded uniform 16QAM no-
rotation system with a code rate of 4/5, the total perfor-
mance gain of the optimal GF(16) LDPC-coded PS1
rotated 16QAM system is 2.32 dB.

In Fig. 15, optimized 18-degree rotation for the
binary LDPC-coded uniform rotated 16QAM system
gives a 2.70-dB diversity gain compared with the bi-
nary LDPC-coded uniform 16QAM no-rotation sys-
tem with a code rate of 5/6, and we can achieve a
further 0.20-dB shaping gain with the optimized 18-
degree rotation of the binary LDPC-coded PS2 ro-
tated 16QAM system. Thus, the total performance
gain of the proposed binary LDPC-coded PS2 16QAM
MIMO system with SSD is 2.90 dB. Compared with
the binary LDPC-coded uniform 16QAM no-rotation
system with a code rate of 5/6, the GF(16) LDPC-
coded uniform 16QAM no-rotation system with a
code rate of 5/6 gives a 0.48-dB coding gain, and the
optimized 18-degree rotation for the GF(16) LDPC-
coded uniform rotated 16QAM system produces a
2.49-dB diversity gain. We get a further 0.30-dB
shaping gain using the optimized 18-degree rotation
in the GF(16) LDPC-coded PS2 rotated 16QAM sys-
tem. Compared with the GF(16) LDPC-coded uni-
form 16QAM no-rotation system with a code rate of
5/6, the total performance gain of the optimal GF(16)
LDPC-coded PS2 rotated 16QAM system is 2.79 dB.

Figures 16 and 17 show the FER performance of the
64QAM 2 x 2 MIMO systems with SE at 9.6 bits/s/Hz
and 10.0 bits/s/Hz, respectively. In Fig. 16, com-
pared with the binary LDPC-coded uniform 64QAM
no-rotation system with a code rate of 4/5, the opti-
mized 14-degree rotation for the binary LDPC-coded
uniform rotated 64QAM system can obtain a 1.10-
dB diversity gain. A further 0.50-dB shaping gain is
achieved with the optimized 14-degree rotation in the
binary LDPC-coded PS3 rotated 64QAM system, and
so the total performance gain of the proposed binary
LDPC-coded PS3 64QAM MIMO system with SSD
is 1.60 dB. Compared with the binary LDPC-coded
uniform 64QAM no-rotation system with a code rate
of 4/5, the GF(64) LDPC-coded uniform 64QAM no-
rotation system with a code rate of 4/5 exhibits a 0.70-
dB coding gain. The optimized 14-degree rotation
for the GF(64) LDPC-coded uniform rotated 64QAM
system obtains 0.89-dB diversity gain, with a further
0.62-dB shaping gain for the optimized 14-degree ro-
tation in the GF(64) LDPC-coded PS3 rotated 64QAM
system. Compared with the GF(64) LDPC-coded uni-
form 64QAM no-rotation system with a code rate of
4/5, the total performance gain of the optimal GF(64)
LDPC-coded PS3 rotated 64QAM system is 1.51 dB.

In Fig. 17, compared with the binary LDPC-coded
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uniform 64QAM no-rotation system with a code rate
of 5/6, the optimized 14-degree rotation for the binary
LDPC-coded uniform rotated 64QAM system obtains
a 1.50-dB diversity gain, with a further 0.32-dB shap-
ing gain using the optimized 14-degree rotation in
the binary LDPC-coded PS4 rotated 64QAM system.
The total performance gain of the proposed binary
LDPC-coded PS4 64QAM MIMO system with SSD
is 1.82 dB. Compared with the binary LDPC-coded
uniform 64QAM no-rotation system with a code rate
of 5/6, the GF(64) LDPC-coded uniform 64QAM
no-rotation system with a code rate of 5/6 obtains
a 0.68-dB coding gain, whereas the optimized 14-
degree rotation for the GF(64) LDPC-coded uniform
rotated 64QAM system produces a 1.27-dB diversity
gain. A further 0.40-dB shaping gain is given by the
optimized 14-degree rotation in the GF(64) LDPC-
coded PS4 rotated 64QAM system. Compared with
the GF(64) LDPC-coded uniform 64QAM no-rotation
system with a code rate of 5/6, the total performance
gain of the optimal GF(64) LDPC-coded PS4 rotated
64QAM system is 1.67 dB.

16QAM, 2 x 2 MIMO, total code rate 4/5
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Fig. 14: FER performance of 16QAM 2 x 2 MIMO systems with
SE at 6.4 bits/s/Hz.

Figures 18 and 19 demonstrate the FER perfor-
mance of the 16QAM 4 x 4 MIMO systems with SE
at 12.8 bits/s/Hz and 13.334 bits/s/Hz, respectively.
In Fig. 18, compared with the binary LDPC-coded
uniform 16QAM no-rotation system with a code rate
of 4/5, the optimized 18-degree rotation in the binary
LDPC-coded uniform rotated 16QAM system obtains
a 3.00-dB diversity gain, with a further 0.49-dB shap-
ing gain using the optimized 18-degree rotation in
the binary LDPC-coded PS1 rotated 16QAM system.
The total performance gain of the proposed binary
LDPC-coded PS1 16QAM MIMO system with SSD
is 3.49 dB. Compared with the binary LDPC-coded
uniform 16QAM no-rotation system with a code rate
of 4/5, the GF(16) LDPC-coded uniform 16QAM no-
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Fig. 15: FER performance of 16QAM 2 x 2 MIMO systems with

SE at 6.667 bits/s/Hz.
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rotation system with a code rate of 4/5 can obtain
a 0.53-dB coding gain, whereas the optimized 18-
degree rotation of the GF(16) LDPC-coded uniform
rotated 16QAM system produces a 2.76-dB diversity
gain. A further 0.61-dB shaping gain is achieved by
the optimized 18-degree rotation in the GF(16) LDPC-
coded PS1 rotated 16QAM system. Compared with
the GF(16) LDPC-coded uniform 16QAM no-rotation
system with a code rate of 4/5, the total performance
gain of the optimal GF(16) LDPC-coded PS1 rotated
16QAM system is 3.37 dB.

In Fig. 19, compared with the binary LDPC-coded
uniform 16QAM no-rotation system with a code rate
of 5/6, the optimized 18-degree rotation of the binary
LDPC-coded uniform rotated 16QAM system gives a
3.75-dB diversity gain, and a further 0.30-dB shaping
gain is achieved by the optimized 18-degree rotation in
the binary LDPC-coded PS2 rotated 16QAM system.
Thus, the total performance gain of the proposed bi-
nary LDPC-coded PS2 16QAM MIMO system with
SSD is 4.05 dB. Compared with the binary LDPC-
coded uniform 16QAM no-rotation system with a
code rate of 5/6, the GF(16) LDPC-coded uniform
16QAM no-rotation system with a code rate of 5/6
exhibits a 0.40-dB coding gain, and the optimized
18-degree rotation of the GF(16) LDPC-coded uni-
form rotated 16QAM system gives a 3.65-dB diversity
gain. A further 0.47-dB shaping gain is produced by
the optimized 18-degree rotation of in GF(16) LDPC-
coded PS2 rotated 16QAM system. Compared with
the GF(16) LDPC-coded uniform 16QAM no-rotation
system with a code rate of 5/6, the total performance
gain of the optimal GF(16) LDPC-coded PS2 rotated
16QAM system is 4.12 dB.

Figures 20 and 21 show the FER performance of
the 64QAM 4 x 4 MIMO systems with SE at 19.2
bits/s/Hz and 20.0 bits/s/Hz, respectively. Figure 20
shows that, compared with the binary LDPC-coded
uniform 64QAM no-rotation system with a code rate
of 4/5, the optimized 14-degree rotation of the bi-
nary LDPC-coded uniform rotated 64QAM system
can obtain a 1.70-dB diversity gain, and a further
0.55-dB shaping gain comes from the optimized 14-
degree rotation in the binary LDPC-coded PS3 rotated
64QAM system. The total performance gain of the
proposed binary LDPC-coded PS3 64QAM MIMO
system with SSD is 2.25 dB. Compared with the bi-
nary LDPC-coded uniform 64QAM no-rotation sys-
tem with a code rate of 4/5, the GF(64) LDPC-coded
uniform 64QAM no-rotation system with a code rate
of 4/5 obtains a 0.75-dB coding gain, and the opti-
mized 14-degree rotation of the GF(64) LDPC-coded
uniform rotated 64QAM system gives a 1.42-dB diver-
sity gain. We find a further 0.64-dB shaping gain with
the optimized 14-degree rotation of the GF(64) LDPC-
coded PS3 rotated 64QAM system. Compared with
the GF(64) LDPC-coded uniform 64QAM no-rotation
system with a code rate of 4/5, the total performance

gain of the optimal GF(64) LDPC-coded PS3 rotated
64QAM system is 2.06 dB.

In Fig. 21, compared with the binary LDPC-
coded uniform 64QAM no-rotation system with a
code rate of 5/6, we see that the optimized 14-degree
rotation of the binary LDPC-coded uniform rotated
64QAM system gives a diversity gain of 2.42 dB, and
a further shaping gain of 0.42 dB can be achieved
with the optimized 14-degree rotation in the binary
LDPC-coded PS4 rotated 64QAM system. There-
fore, the total performance gain of the proposed bi-
nary LDPC-coded PS4 64QAM MIMO system with
SSD is 2.84 dB. Compared with the binary LDPC-
coded uniform 64QAM no-rotation system with a
code rate of 5/6, the GF(64) LDPC-coded uniform
64QAM no-rotation system with a code rate of 5/6
obtains a 0.70-dB coding gain, and the optimized 14-
degree rotation of the GF(64) LDPC-coded uniform
rotated 64QAM system produces a 2.14-dB diversity
gain. There is a further 0.50-dB shaping gain using
the optimized 14-degree rotation of the GF(64) LDPC-
coded PS4 rotated 64QAM system. Compared with
the GF(64) LDPC-coded uniform 64QAM no-rotation
system with a code rate of 5/6, the total performance
gain of the optimal GF(64) LDPC-coded PS4 rotated
64QAM system is 2.64 dB.

In fading channels, compared with the conventional
uniform QAM system, constellation rotation can ob-
tain a diversity gain and PS produces a shaping gain.
Compared with binary LDPC codes, NB LDPC codes
achieve a further coding gain. In summary, compared
with conventional binary LDPC-coded uniform QAM
no-rotation MIMO systems, the proposed NB LDPC-
coded PS rotated QAM MIMO system exhibits a cod-
ing gain, shaping gain, and diversity gain.
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Fig. 18: FER performance of 16QAM 4 x 4 MIMO systems with
SE at 12.8 bits/s/Hz.
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Fig. 20: FER performance of 64QAM 4 x 4 MIMO systems with
SE at 19.2 bits/s/Hz.
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5. Conclusion

This paper has proposed binary and NB LDPC-
coded PS schemes for MIMO systems based on SSD.
The NB scheme enables further coding gains to be
achieved. Compared with NB LDPC-coded uniform
QAM MIMO systems in fast fading channels, the pro-
posed scheme for 2 X 2 and 4 x 4 MIMO systems
achieves both a diversity gain and a shaping gain. The
theoretical AMI analysis and simulation results show
that the proposed NB LDPC-coded PS scheme for
MIMO systems based on SSD is reliable and robust,
making it suitable for 6G communication systems.
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