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Abstract: In order to save frequency resources, a new remote sensing satellite service can gradually
adopt relay cooperation transmission to realize the same frequency and common channel transmis-
sion of multiple data. To solve the problem of mutual interference between messages, this study
proposes a universal model of relay cooperative channel transmission, and the separation mecha-
nism of heterogeneous signals for simultaneous unicast and multicast transmission is also studied.
In this study, a signal space is used to reconstruct the degrees of freedom, and an orthogonalized spa-
tial alignment direction is designed to obtain the equivalent parallel transmission channel. We also
propose a constellation point remapping scheme under the optimal constraint of spatial separation
of transmission signals. Furthermore, we merge constellation points to solve the problem of fuzzy
mapping of physical layer network coding. The simulation results show that the co-channel trans-
mission with interference suppression can be realized when the equivalent degrees of freedom of the
signal intersection subspace is not less than dpK(K − 1) + dcK. The Euclidean distance between con-
stellation points is increased by constructing orthogonal signal spatial alignment directions, which
brings an additional BER performance gain of 2 dB. If the signal alignment direction and channel
quality are jointly designed, the transmission quality can be further improved.

Keywords: multidirectional relay; signal alignment; degrees of freedom; high order modulation

1. Introduction

Interconnecting space nodes are the current developmental trend and will soon be an
inevitable requirement for future intelligent constellation communication in part due to
satellite networks. One of the most important design objectives of satellite network com-
munication is to allocate system resources to balance the needs of communication and per-
ception [1–4]. Intelligent satellites carry out cooperative transmission and resource man-
agement which have become the key to real-time observation and low delay information
transmission. Although the spread spectrum system can realize the common transmission
of new services, the inter-symbol interference (ISI) is caused by the fact that the spread
spectrum codewords cannot be completely orthogonal [5,6]. In this paper, the cooperative
relay transmission of interference management is realized by optimizing the signal space
structure to improve the transmission efficiency and quality of satellite networks.

1.1. Related Work

In recent years, wireless cooperative communication has attracted extensive attention
from academia and industry insiders. Moreover, wireless cooperative communication has
huge industrial and academic potential and has application prospects in improving spec-
tral efficiency [7–9]. From the cooperative diversity transmission between initial users
and relay nodes [10,11], wireless cooperative communication has gradually developed
into a more generalized network cooperative transmission with cooperative transmission
between users or relays [12–14]. Wireless cooperative communication makes full use of
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the broadcast characteristics of wireless media and the potential relay nodes in wireless
networks.

By effectively improving the system spectrum utilization in traditional wireless com-
munication systems, MIMO has become one of the milestone technologies in the develop-
ment of satellite mobile communication [15–18]. MIMO technology can turn the adverse
multipath influence factors in traditional wireless communication systems into favorable
enhancement factors for communication performance. MIMO effectively uses random
fading and possible multiple propagation paths to multiply the transmission rate of ser-
vices to improve system capacity. In traditional point-to-point research theory, it has been
proved that if MIMO technology is adopted, the system spectral efficiency can increase
linearly with the number of antennas [19–21]. In the field of cooperative communication,
technologies such as cooperative diversity [22] and cooperative virtual MIMO [23] have
also verified the effectiveness of MIMO in different communication systems. However,
MIMO communication theory and key technologies for physical layer network coding
(PNC) need to be studied further, and expansion and application based on basic theories
and key technologies need to be explored.

At present, MIMO-based advanced PNC technology mostly uses the spatial freedom
provided by the MIMO Two-way Relay Network (TWRC) to provide higher spectrum uti-
lization and transmission reliability for Two-way Relay transmission. Research involving
PNC transmission methods for MIMO multidirectional relay systems is currently on the
rise. In recent years, Interference Alignment (IA) [24] has been introduced into PNC-based
MIMO Multi-way Relay Networks (MWRC). The Signal Space Alignment (SSA) theory for
network coding looks at interference from a new perspective; it is not blind to suppress
interference directly, but intelligent to use interference and achieve the effect of interfer-
ence suppression through the joint signal processing algorithm of the source node and
relay node [25]. This provides a new direction for future interference utilization, inter-
ference coordination, and interference game research. Based on this theory, ref. [26] pro-
posed a basic MIMO multidirectional relay channel, namely the MIMO-Y channel. Subse-
quently, ref. [27] expanded on the work of [26] and discussed the feasibility conditions and
achievable degrees of freedom of SSA for users in MIMO-Y channels. It is worth noting
that feasibility analysis is a basic problem in IA and SSA [28] and is an important prereq-
uisite for further discussion of the reachable degrees of freedom for the system. However,
most of the current studies on the basic MMO-Y channel only consider the reachability
of the channel degrees of freedom, while there are few theoretical results on the transmis-
sion reliability of this channel. As shown in [29], SSA can be implemented in multiple
directions by configuring more antennas at the source node, so that transmission precod-
ing can be selected, and transmission reliability of the system can be improved. In fact,
in view of the diversity of antenna configurations in MIMO-Y channels, other methods
to improve the transmission reliability of MIMO-Y channels are still worthy of in-depth
study. There are two kinds of transmission models in MIMO-Y channels: the multichannel
unicast transmission model [30] and the multicasting transmission model [31]. Existing re-
search results have so far only focused on a specific model [32]. For intelligent star clusters,
satellites not only exchange local real-time information, but also exchange information
published in the public network as a relay.

Bidirectional relay (TWR) technology represented by PNC is one of the most promis-
ing technologies for improving the spectrum efficiency of relay networks. MIMO-TWRC
not only reduces the number of independent streams received by the relay, but also sim-
plifies the complexity of signal processing at the relay end. In order to achieve signal
alignment, the authors of [33] first proposed a transmission scheme based on zero forcing
(ZF) precoding. In the multiple access (MA) stage, the two source nodes use channel in-
version and power control to decouple the MIMO–TWRC channel [34–36] and they are
able to achieve signal alignment at the relay. It is noted that the ZF precoding scheme
in [33] performs poorly when the channel conditions are poor. In [37], an improved phase
alignment scheme is proposed, which improves performance through regularized channel
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inversion, vector perturbation, and power adjustment optimization techniques. In addi-
tion, ref. [38] proposes a feature direction alignment scheme. In this scheme, the source
node precoding matrix is designed based on channel inversion, and the transmitted sig-
nal space is optimized by using the directional rotation based on eigenvectors. Based on
the additional degrees of freedom obtained by redundant antennas, the authors of [39]
proposed a generalized signal space alignment using space compression technology. This
makes the application scenarios of signal space alignment more universal. However, the
algorithm did not optimize the signal alignment space, and the improvement of bit error
performance was limited.

1.2. Motivations and Contributions

• New communication scenarios often require each user to send and receive private as
well as public information, which is called heterogeneous signal transmission. Users
transmit heterogeneous signals at the same time, which leads to a sharp increase in
the complexity of signal processing at relay nodes, and also increases the difficulty of
interference suppression for receiving users.

• The existing algorithms aim to emphasize how to construct the spatial alignment of
interactive signals, however, there is less consideration given to the correlation be-
tween different alignment directions. If the alignment direction can be jointly opti-
mized, the Euclidean distance between the received signals can be expanded and the
decoding accuracy can be improved.

• At present, most of the PNC principles only consider the use of low-dimensional mod-
ulation such as Binary Phase Shift Keying (BPSK) or Quadrature Phase Shift Keying
(QPSK) in the additive white Gaussian noise (AWGN) channel to verify the feasibility
of the scheme. At this time, it is relatively easy for multiple access signals to obtain
PNC symbols based on an XOR operation. However, in real environments, wireless
channels are time-varying channels with fading, and actual communication systems
often use higher order modulation to improve spectral efficiency. In these cases, PNC-
based or simple XOR will have application limitations due to fuzzy mapping.

The spatial degrees of freedom of a relay signal are optimized through machine learn-
ing to select the best precoding vector, and the selection of degrees of freedom can maxi-
mize the performance of the transmission. The design goal of effective utilization of wire-
less resources is to balance the performance of each user by using the degrees of freedom
of antenna selection and transmission diversity gain. The main contributions of this paper
are as follows:

• According to the principle of minimum system antenna resource consumption and
optimal interference suppression performance, public and private information are
effectively separated by using signal subspace alignment and orthogonal subspace
technology. In order to avoid mutual interference between the two types of infor-
mation, it is necessary to ensure that the system can provide the optimal precoding
vector selection mechanism no matter how the interference environment changes.

• If the alignment directions can be orthogonal to each other, each bit is determined by
the projection signal of the orthogonal axis. According to the orthogonal projection
Euclidean distance of two possible points, the decoding process is simplified. By
optimizing the orthogonal directions of different user pairs to determine order and
power allocation, the ML decoding complexity is further simplified, and the decoding
reliability is improved.

• Aiming at the problem of constellation point ambiguity mapping in the high-order
amplitude and phase modulation of PNC, a physical layer network coding denoising
mapping algorithm is proposed. In this algorithm, relay nodes rearrange constella-
tion points of received signals and merge constellation points according to certain
rules. After processing, the signal constellation point is reduced by half. The Eu-
clidean distance between the adjacent points of the constellation becomes larger, and
the bit error rate (BER) performance of the system is improved.
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The remainder of this paper is organized as follows: Section 2 formulates the sys-
tem model and MIMO-Y channel in detail. In Section 3, signal spatial alignment is used
to model the co-channel interference suppression problem, and a spatial reconstruction
method is proposed to improve performance. Section 4 presents the simulation and exper-
imental results in comparison with other interference suppression-based relay cooperative
methods. Section 5 provides a discussion. Finally, Section 6 concludes the research work.

2. Signal Model

In view of the increasing number of non-geostationary satellite orbit (NGSO) constel-
lation systems in the current space, there are more and more satellite networks with the
same frequency band and adjacent orbits in use. The problem of co-frequency interfer-
ence between NGSO constellation systems and between NGSO constellation systems and
traditional geostationary satellite orbit (GSO) constellation systems is becoming increas-
ingly serious. According to the transmission channel information of the satellite network,
the precoding matrix of the transmitter matching characteristic channel is designed using
the interference coordination technology in wireless communication. This is one of the
important means to alleviate the problem of co-frequency interference in low earth orbit
satellite networks.

According to the different types of new services, intelligent satellite networks can
consider two different types of messages in multichannel relay channels: unicast and mul-
ticast messages. Unicast messages are used for dedicated users, which means that all other
users treat this unicast message as an interference signal. On the other hand, a multicast
message is used for a group of users, and it is received by all other users of the group.
The unicast information sent by users to specific users is defined as a private signal, and
the multicast information sent by users to specific groups is defined as a common signal.
Each user tries to send both unicast (private) signals and multicast (common) signals to
the other users in the multiple access channel (MAC) phase and decodes both of the sig-
nals in the broadcast channel (BC) phase. Figure 1 shows the intelligent satellite network
transmission model.
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The channel model includes K user nodes and a relay node, where each user node
is equipped with M antennas and the relay node is equipped with N antennas. Assume
that all nodes are in half duplex mode, and complete channel statement information (CSI)
can be obtained. There is no direct link between different user nodes, and each user node
sends a unicast message to the other K − 1 user nodes through the relay node. That
is, each user sends information to two other users using the relay node. In the multiple
access channel, the user node adopts interference alignment technology. In the broadcast
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channel, the relay node uses interference cancellation beamforming technology based on
analog network coding to broadcast information to each user through Amplify Forward
(AF). Reference [40] proved that the maximum degrees of freedom (DoF) of a MIMO-Y
channel is K(K − 1) when the number of antennas Mi(i ∈ {1, · · · , K}) of user node i and
the number of antennas N of a relay node satisfy Mi ≥ K − 1, N ≥ K(K − 1)/2 and
N < min

{
Mi + Mj, ∀i ̸= j

}
conditions.

In the MAC phase, user i sends two independent signals s[j,i], j ̸= i ∈ {1, 2, 3} to
the other two users. In order to eliminate the interference between co-channel users, the
precoding vector v[j,i] is designed by using interference alignment. Assume that the ele-
ments satisfy the complex Gaussian independent identically distributed matrices A1 and
A2, whose size is N × M. Judging whether there is intersection subspace in the space
stretched by two matrix column vectors is the precondition of precoding design to real-
ize the alignment of interactive signals to the same signal dimension. The intersection
subspace of user i and j can be expressed as follows:

span
(

H[r,i]v[j,i]
)
= span

(
H[r,j]v[i,j]

)
(1)

where H[r,i] represents the N × M dimension channel transmission matrix from user i to
the relay, and span(A) represents the linear space formed by matrix A; that is, whether
there is a vector qi ∈ CM×1 satisfying q = A1q1 = A2q. This condition can be rewritten
as follows: [

IN −A1 0
IN 0 A2

] q
q1
q2

 = Px = 0 (2)

From Formula (2), we can see that the problem of the existence of intersection sub-
spaces is transformed into proving whether there is null space for matrix P. According to
the rank zero theorem of linear algebra, as long as the number of columns of the matrix is
greater than the rank of the matrix, then the null space exists. It is easy to see that the size
of matrix P is 2N × (2M + N).

dim(null(P)) = 2M + N − min{2N, 2M + N} = 2M − N ≥ 1 (3)

When the user is equipped with Mi = K − 1 antennas and the relay is equipped
with N = K(K − 1)/2 antennas, it can be seen from Equation (3) that there is at least
1-dimensional intersection subspace. In other words, a pair of interactive user information
can be aligned in the signal space. Therefore, the sending node designs a precoding vector,
so that the following formula is true:

H[r,1]v[2,1] = H[r,2]v[1,2] = U12
H[r,1]v[3,1] = H[r,3]v[1,3] = U13

...
H[r,K−1]v[K,K−1] = H[r,K]v[K−1,K] = U(K−1)K

(4)

After signal space alignment (SSA), the signal received by the relay can be expressed
as:

y[r] =
K
∑

i=1
H[r,i]

K
∑

j=1,j ̸=i
v[j,i]s[j,i] + n[r]

=
[

U12 U13 · · · U(K−1)K
]


s[1,2] + s[2,1]

s[1,3] + s[3,1]

...
s[K−1,K] + s[K,K−1]

+ n[r]

= U[r]s[r] + n[r]

(5)
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where s[r]ij = s[i,j] + s[j,i] i, j ∈ {1, . . . , K}, i < j. The relay adopts zero forcing decoding

(ZF) and obtains aligned superimposed signals by inverting matrix U[r]. The physical layer
network coding is used to map and modulate the superimposed signal and is broadcast
in BC stage.

The relay signals to be transmitted in BC stage are s[r]12 , s[r]13 , · · · , s[r]
(K−1)K. For receiving

node 1, the desired received signals are the signals s[r]12 , · · · , s[r]1K transmitted by node 2 to

node K. s[r]23 , · · · , s[r]
(K−1)K, form interference for user 1. The null space precoding vector is

designed to eliminate unwanted interference signals.

v[r]
ij ⊂

{
null

(
H[1,r]

)
∩ · · · ∩ null

(
H[m,r]

)
∩ · · · ∩ null

(
H[K,r]

)}
, m ̸= i and m ̸= j (6)

Taking user 1 as an example, the received signal is as follows:

y[1] = H[1,r]
K

∑
i=1,j>i

v[r]
ij s[r]ij + n[1] (7)

Using ZF decoding, the desired signals s[r]12 , · · · , s[r]1K of user 1 can be obtained, respec-
tively. If BPSK is selected as the modulation mode, the expected signal can be obtained by
XOR (⊕) operation of the signal sent by the user node itself, and by the received signal.

ŝ[i,j] = s[j,i] ⊕
(

s[i,j] ⊕ s[j,i]
)

(8)

Most of the superimposed signals used by the multidirectional relay communication
system only consider BPSK or QPSK modulation in the additive white Gaussian noise
(AWGN) channel. At this time, the multiple access signals can use a simple XOR operation
to obtain PNC coding symbols. PNC has constellation point mapping ambiguity in higher
order amplitude and phase modulation. We will discuss the solution in the next section.

3. Signal Spatial Reconstruction Method for Relay Cooperative Networks

Multi-satellite cooperative transmission is the key for remote sensing systems to real-
ize global real-time observation and low-time delay remote sensing information transmis-
sion. In order to reduce the inter-beam interference and improve the system throughput,
source satellite multiple modal transmission and the channel of relay transmission must
be considered as a multidirectional relay channel for multibeam joint design. This can
optimize transmission scheduling and intelligent information distribution. According to
the channel characteristics, a co-channel transmission scheme for multiple unicast packets
and multicast services is designed. This can save limited time-frequency resources and im-
prove system transmission efficiency. By optimizing the signal space structure, orthogonal
signal alignment directions are constructed. According to the difference in transmission
channel quality, signal alignment order is determined to reduce the impact of transmis-
sion quality bottlenecking in the system performance. In order to further improve the
transmission efficiency of the system and increase the channel capacity, a constellation
point remapping scheme is proposed for the fuzzy mapping problem of high order modu-
lation in the physical layer network coding of relay node. The implementation framework
of the method is shown in Figure 2.
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3.1. Heterogeneous Signal Transmission under Multi Beam

The high-throughput satellite communication system mainly adopts unicast trans-
mission when providing point-to-point services for users. However, this physical layer
transmission mode cannot be directly applied to the rapidly growing multicast services.
Multicast transmission can use the same wireless resources to save wireless time-frequency
resources for users with the same service request and can provide services for users accord-
ing to their channel characteristics. This paper optimizes the transmission performance of
the physical layer, using the same wireless resource to provide transmission services for
multiple unicast packets and multicast services simultaneously.

The unicast information sent by users to specific users is defined as a private signal,
and the multicast information sent by users to specific groups is defined as a common
signal. In the MAC phase, the private signal sent by user i to user j is s[j,i]p , and the common

signal sent by user i is s[i]c . The transmitting node uses the beamforming technology of
multiple antennas to design precoding vectors v[j,i]

p and v[i]
c respectively. Each user designs

a private precoding vector to align the interactive pair of user signals to the same signal
space. Equation (1) becomes

span
(

H[R,i]v[j,i]
p

)
= span

(
H[R,j]v[i,j]

p

)
(9)

Except for user 1 and user K, each user i sends two common signals with the same
content, that is

x[i]c = v[i]
c,1s[i]c + v[i]

c,2s[i]c , v[1]
c,1 = v[K]

c,2 = 0 (10)

The designed common coding rule is that the second common signal of user i − 1
must aligned with the first common signal of user i, and the second common signal of
user i must be aligned with the first multicast message of user i + 1.

span
(

H[R,i−1]v[i−1]
c,2

)
= span

(
H[R,i]v[i]

c,1

)
span

(
H[R,i]v[i]

c,2

)
= span

(
H[R,i+1]v[i+1]

c,1

) (11)
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Taking 4 users as an example, suppose that the user is equipped with 7 antennas and
the relay is equipped with 13 antennas. According to Equations (9) and (11), the private
alignment direction combination is Up =

[
uπ(1,2)

p uπ(1,3)
p uπ(1,4)

p uπ(2,3)
p uπ(2,4)

p uπ(3,4)
p

]
and the common alignment direction combination is Uc =

[
uc,1 uc,2 uc,3

]
which can be

obtained by using the method of Formula (4), respectively. Where π(i, j) represents the
linear index combination function of unordered pair (i, j). After signal space alignment,
the signal received by the relay can be expressed as follows:

y[r] =
4
∑

i=1
H[r,i]

(
∑
j ̸=i

v[j,i]
p s[j,i]p + v[i]

c,1s[i]c + v[i]
c,2s[i]c

)
+ n[r]

=
[

Up Uc
][ s[r]p

s[r]c

]
+ n[r]

(12)

where v[1]
c,1 = v[4]

c,2 = 0M×1, s[r]p =



s[1,2]
p + s[2,1]

p

s[1,3]
p + s[3,1]

p

s[1,4]
p + s[4,1]

p

s[2,3]
p + s[3,2]

p

s[2,4]
p + s[4,2]

p

s[3,4]
p + s[4,3]

p


, s[r]c =

s[1]c + s[2]c

s[2]c + s[3]c

s[3]c + s[4]c

.

Using ZF decoding, the relay can obtain six private superimposed signals and three
common superimposed signals, respectively. In the BC stage, the BPSK modulated signal
modulates and maps the superimposed signal according to the physical layer network cod-
ing principle [41] to obtain the signal to be transmitted

sr =
[
s1

r,p, s2
r,p, s3

r,p, s4
r,p, s5

r,p, s6
r,p, s1

r,c, s2
r,c, s3

r,c

]T
. According to Equation (6), the null space

precoding vector vr =
[
v1

r,p, v2
r,p, v3

r,p, v4
r,p, v5

r,p, v6
r,p, v1

r,c, v2
r,c, v3

r,c

]
is designed to eliminate

unwanted interference signals.
In order to eliminate interference signals s4

r,p, s5
r,p and s6

r,p, user 1 needs to make pre-
coding vectors v4

r,p, v5
r,p and v6

r,p lie in the null space of the channel transmission matrix.
Similarly, the precoding vectors v2

r,p, v3
r,p and v6

r,p need to be located in the null space of the
channel transmission matrix H[2,r] to eliminate the interference of user 2. The precoding
vectors v1

r,p, v3
r,p and v5

r,p need to be located in the null space of the channel transmission
matrix H[3,r] to eliminate the interference of user 3. The precoding vectors v1

r,p, v2
r,p and

v4
r,p need to be located in the null space of the channel transmission matrix H[4,r] to elim-

inate the interference of user 4. It can be found that the precoding vector v6
r,p needs to

be located in the null space of H[1,r] and H[2,r]. That is, v6
r,p ∈ null

(
H[1,r]

)
∩ null

(
H[2,r]

)
.

Therefore, 6 antennas from 7 antennas of each user are selected as receiving antennas to

form channel transmission matrix Ĥ[i,r] with 6 × 13 dimensions to meet the null space ex-
istence condition N < 2M. Using the same method, the design for the remaining receive
precoding vectors is as follows:[

Ĥ[3,r]

Ĥ[4,r]

]
v1

r,p = 0,

[
Ĥ[2,r]

Ĥ[4,r]

]
v2

r,p = 0[
Ĥ[2,r]

Ĥ[3,r]

]
v3

r,p = 0,

[
Ĥ[1,r]

Ĥ[4,r]

]
v4

r,p = 0[
Ĥ[1,r]

Ĥ[3,r]

]
v5

r,p = 0,

[
Ĥ[1,r]

Ĥ[2,r]

]
v6

r,p = 0

(13)
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The signals received by user 1 is as follows:

y[1] = Ĥ[1,r]
(

6
∑

m=1
vm

R,psm
R,p +

3
∑

n=1
vn

R,csn
R,c

)
+ n[1]

= Q̂[1,r]
[

s1
R,p s2

R,p s3
R,p s1

R,c s2
R,c s3

R,c

]T
+ n[1]

(14)

where Q̂[1,r] represents the equivalent transmission channel after antenna selection. User
1 adopts ZF decoding. According to Equation (8), the desired signal can be obtained by
using the signal sent by user 1. In particular, user 1 can obtain s[2]c by using its own signals
s[1]c and s1

R,c for multicast signals. s[3]c can be obtained by reusing s[2]c and s2
R,c. Finally, s[4]c

can be obtained by using s[3]c and s3
R,c. Other users can use the same method to obtain their

respective desired signals.

3.2. Orthogonal Optimization of Signal Space

Take the MIMO multiway channel model of 3 users as an example to introduce the
implementation process [25]. In traditional signal space alignment, the number of anten-
nas configured for each user node is 2. The corresponding upstream channel matrix H[r,i]

is 3 × 2 dimensions, and the precoding vector is 2 × 1 dimensions. According to the sig-
nal space alignment conditions given in Section 2, the three alignment signals at the relay
node are uniquely determined. That is, the three spatial directions U12, U13 and U23 are
also fixed.

In order to realize the orthogonal alignment of signal subspaces, the redundancy of
user node antennas is needed. Thus, the flexibility of a users precoding vector selection
is increased. Therefore, when the number of antennas of the user node is increased to 3,
the number of antennas of the relay node is kept unchanged. Currently, its corresponding
uplink channel matrix H[r,i] is 3 × 3 dimensions, and the precoding vector is 3 × 1 dimen-
sions. According to the condition of signal space alignment, each pair of precoding vectors
has 6 unknown parameters. From the 3 aligned equality constraints, each pair of direction
vectors is determined in a 3D signal space. However, when compared with the traditional
MIMO-Y channel model, the selection of U12, U13 and U23 dimensions are more flexible,
and the selection gain of the system will increase accordingly.

According to the system model of MIMO-Y, the signals received by the relay node in
the MAC phase can be expressed as follows:

y[r] =
(

H[r,1] · v[2,1] · s[2,1] + H[r,2] · v[1,2] · s[1,2]
)

+
(

H[r,1] · v[3,1] · s[3,1] + H[r,3] · v[1,3] · s[1,3]
)

+
(

H[r,2] · v[3,2] · s[3,2] + H[r,3] · v[2,3] · s[2,3]
)
+ n[r]

= U12 · (s12)+U13 · (s13)+U23 · (s23)+n[r]

(15)

where Uij is the direction of the signal space formed by the relay node for the interaction
signal of the user node pair (i, j), and sij represents the superposition signal of s[i,j] and s[j,i] ,
i.e., sij = s[i,j] + s[j,i] . Figure 2 is a graph of signal space alignment results formed at the
relay nodes.

It can be seen from Figure 3 that six signals sent by three user nodes are aligned
in two at the relay, forming three signal space directions. The signals in the direction of
each signal space are the sum of the interactive signals. In order to make the three spatial
directions formed after alignment on the relay node mutually orthogonal, the following
requirements shall be met: 

U12
H · U13 = 0

U12
H · U23 = 0

U13
H · U23 = 0

(16)
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In terms of precoding vector design and channel matrix, it is necessary to achieve:

(
H[r,2] · v[1,2]

)H
·
(

H[r,3] · v[1,3]
)
= 0(

H[r,2] · v[1,2]
)H

·
(

H[r,3] · v[2,3]
)
= 0(

H[r,3] · v[1,3]
)H

·
(

H[r,3] · v[2,3]
)
= 0

(17)

According to the above analysis, the principle of realizing orthogonal alignment of
signal subspace is to design the transmission precoding vector in MAC phase. The condi-

tion of signal space alignment is


H[r,1] · v[2,1] = H[r,2] · v[1,2]

H[r,1] · v[3,1] = H[r,3] · v[1,3]

H[r,2] · v[3,2] = H[r,3] · v[2,3]
, i.e.,

[
v[2,1]

v[1,2]

]
= null

[
H[r,1] −H[r,2]

]
(18)

where
[
H[r,1] −H[r,2]

]
is a matrix of 3 × 6 in dimensions. If these conditions are met,

null
[
H[r,1] −H[r,2]

]
has a redundancy of 6 − 3 = 3 dimensions. Each direction is re-

garded by a vector of 6× 1 dimensions. In other words, there are three groups of selectable
vectors in this group of solved precoding vectors. Therefore, the corresponding aligned
spatial direction of this group of precoding vectors formed on the relay node also has three
directions to choose from. On the other hand, the first determined spatial direction will
affect the precoding vectors of the other two spatial directions.

If the first determined spatial direction is U12, its corresponding precoding vectors
v[2,1], v[1,2] are also determined. According to orthogonality conditions, another two groups
of precoding vectors can be obtained:{

v[1,3] = null(v[1,2]H · H[r,2]H · H[r,3])

v[2,3] = null(v[1,2]H · H[r,2]H · H[r,3])
(19)

It can be seen from the above formula that v[2,3] and v[1,3] are in the same null space.
In the above formula, null(v[1,2]H · H[r,2]H · H[r,3]) has 3 − 1 = 2 directional dimensions.
Each direction can be regarded by a vector of 3 × 1 dimensions. Similarly, the orthogo-
nality condition between U12 and U13 must be satisfied when determining v[2,3] and v[1,3].
According to the above analysis, v[1,3] is represented by v[1,3] = a1 · x + b1 · y, v[2,3] is rep-
resented by v[2,3] = a2 · x + b2 · y. x and y are a group of 3 × 1-dimensional bases in null
space. After a1 and b1 are arbitrarily selected, v[1,3], v[3,1] and U13 are determined according

to the signal space alignment condition of

[
v[3,1]

v[1,3]

]
= null

[
H[r,1] −H[r,3]

]
. Therefore,

the second spatial direction can be determined.



Remote Sens. 2023, 15, 919 11 of 27

When solving the third spatial direction, the orthogonality condition in Equation (17)
can give: [[

a1 b1
]
·
[
x y

]H
]H

·
[
H[r,3]H

]
·
[
H[r,3]

]
·
[
x y

]
·
[
a2 b2

]T
= 0 (20)

After the above equations a1 and b1 are determined, only the unknowns a2 and b2
are not determined. Therefore, after the precoding vector v[1,3] is determined, v[2,3] can be
obtained from the alignment condition:[

v[3,2]

v[2,3]

]
= null

[
H[r,2] −H[r,3]

]
(21)

After solving v[2,3] by Equation (21), the third spatial direction U23 can also be uniquely
determined according to the corresponding channel matrix. The three spatial directions
determined by this method are mutually orthogonal, realizing the orthogonal alignment
of the signal subspace. In the traditional orthogonal alignment of signal subspaces, the
selection of each signal space direction has randomness. The first alignment signal spatial
direction is not based on the principle of optimal performance, so the performance of this
scheme cannot reach the optimal level. It is therefore necessary to improve alignment.

3.2.1. Analysis of Antenna Number Configuration

For the MIMO-Y channel model of K users, the requirements for the number of an-
tennas to achieve orthogonal alignment of signal subspaces are analyzed as follows: for
example, to meet the signal space alignment conditions of user 1 and user 2,

[
H[r,1] −H[r,2]

][ v[2,1]

v[1,2]

]
= 0 (22)

and the redundancy of user node antenna is required to realize the spatial alignment
of orthogonal signals. According to the matrix null space theory, the left matrix of the
formula shall meet the following requirements in dimension: column − row ≥ k(k−1)

2 .
Therefore, the minimum requirements for antenna configuration shall meet the following:
M = K(K−1)

2 , N = K(K−1)
2 .

3.2.2. Analysis and Improvement of Signal Spatial Direction Solving Order

In the process of realizing orthogonal alignment of signal subspaces to solve the pre-
coding vector, the sequence determined by the alignment direction of each signal space
and the solution sequence of user nodes sending precoding vectors will directly affect
the bit error rate performance of user pairs corresponding to interactive signals. When
implementing the signal subspace orthogonal alignment algorithm, the spatial alignment
direction that is first solved and determined has the largest degrees of freedom of selec-
tion. Therefore, the best bit error rate will be obtained. Then the spatial alignment di-
rection is solved and determined. Due to the decreasing degrees of freedom of selection,
the bit error rate performance decreases. The bit error rate performance of the interactive
signal corresponding to the finally determined spatial alignment direction has the worst
channel quality. Therefore, the performance bottleneck of the system is to ensure that the
signal space alignment direction of the interactive signal pair with the worst transmission
channel quality is determined first. Therefore, the idea to improve the performance is to
determine the solution order of the spatial direction of the interactive signal formation
alignment according to the quality of the upstream channel from each user node to the
relay node. That is, the first alignment direction that is solved and determined is the inter-
active signal with the worst channel quality. Finally, the spatial direction of the interactive
signal with the best channel quality is determined.
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In solving the precoding vector and determining the spatial alignment direction
formed by relay nodes, the selection gain of channel quality is used to compensate for
the disadvantages of poor channel quality to improve the overall system performance.
Therefore, before solving the appropriate precoding vector, the channels between user
nodes and relay nodes in the system should be sorted according to channel quality. Then,
the spatial alignment direction and precoding vector of the interactive signals are solved
according to the channel ordering.

3.2.3. Optimization of Precoding Vector

For the solution to the orthogonal alignment scheme of signal subspace, according to
the transmission quality of the detection channel, the sequence of the channel matrix from
poor to excellent is recorded as H[r,1], H[r,2], H[r,3]. At the same time, users are numbered
as 1, 2 and 3, in this order. Then, the transmit precoding vector is redesigned to achieve
the orthogonal alignment of signal subspace.

First, the interactive signals corresponding to the worst transmission channel matrix
H[r,1] and the subworst channel matrix H[r,2] (i.e., the interactive signals between user
nodes 1 and 2) are designed by precoding the transmission in the MAC phase. When
relay nodes are aligned to the same signal space direction, the conditions for alignment
according to the signal space are as follows:

H[r,1] · v[2,1] = H[r,2] · v[1,2] (23)

The transmission precoding matrix of the interactive signal pairs of user nodes 1 and
2 is Equation (18), where the transmission precoding vectors v[2,1] and v[1,2] are 3 × 1
dimensions, and the corresponding null space matrix dimensions are 6 × 3 dimensions.
When solving the transmission precoding vector of interactive signal pair 1 and 2, a col-
umn vector can be selected from the 3D space of the null space matrix null

[
H[r,1] −H[r,2]

]
.

This is used as the transmission precoding vector of the interactive signal pair. The princi-
ple for selecting column vectors is to calculate the modulus of each column vector in the
null space matrix, and use the column vector with the largest modulus as the transmission
precoding vectors v[2,1] and v[1,2] of user nodes 1 and 2. After the first set of precoding vec-
tors v[2,1] and v[1,2] are determined, the aligned signal space direction formed by the relay
node is also uniquely fixed. Namely:

U12 = H[r,1] · v[2,1] = H[r,2] · v[1,2] (24)

After the first signal spatial direction formed on the relay node is determined, the sec-
ond set of transmission precoding vectors and alignment directions are solved according
to the first determined spatial alignment direction and orthogonality. The specific solu-
tion is as follows: first, define a matrix P. The initial value of P is the determined spatial
direction of the first alignment, i.e., P = [U12]. Then, using the properties of orthogonal
projection, the orthogonal projection matrix of matrix P is obtained.

Q =

(
IN − P ∗

(
PH ∗ P

)−1
∗ PH

)
(25)

The second signal space alignment direction can be obtained by using the orthogonal
projection matrix QN∗N . The method is to deconstruct QN∗N into eigenvalues and find
the eigenvector corresponding to its maximum eigenvalue. This eigenvector is used as
the interactive signal of user nodes 1 and 3 in the spatial alignment direction U13 formed
by the relay. After the spatial direction of alignment is determined, the corresponding
transmission precoding vector can be inversely solved by using the channel matrix. That
is, v[3,1] and v[1,3] can be obtained from U13 = H[r,1] · v[3,1] = H[r,3] · v[1,3]. Therefore,
the spatial alignment direction formed by the relay for the second group of transmission
precoding vectors and interactive signal pairs is determined. The third group of precoding
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vectors and the corresponding alignment direction are determined according to the second
aligned spatial direction. First, the matrix P takes the space direction vectors U12 and U13
that have been previously solved as its column vectors in turn. That is, P = [U12 U13].
Then, the transmission precoding vectors v[3,2] and v[2,3] are determined in the same way.

The above method is extended to the communication system of K user. Starting from
solving the second group of precoding vectors and their corresponding spatial directions,
the column vectors in matrix P are composed of the previously determined spatial direc-
tions. The new alignment direction is located in the space of the orthogonal projection
matrix Q.

3.3. Extended to K Users

In this section, we extend the above algorithm to a more general case where the num-
ber of users is K. At this time, any two user pairs can send signals between them. Each user
sends K − 1 private signals and one common signal through space separation technology.
Therefore, the relay will receive a total of (K − 1)× K + K = K2 signals from K users in
the MAC phase. To separate private signals and common signals sent by each node, it
must meet

M ≥ (K + 1) (26)

In order to align the private signals and the common signal to the appropriate inter-
section subspace at the relay, the space precoding vectors v[j,i]

p and v[i]
c,k must be designed to

satisfy span
(

H[r,i]v[j,i]
p

)
= span

(
H[r,j]v[i,j]

p

)
and span

(
H[r,i]v[i]

c,2

)
= span

(
H[r,i+1]v[i+1]

c,1

)
, if

2M ≻ N + 1 (27)

If the above conditions are satisfied, the intersection subspace composed of the col-
umn space of the equivalent channel matrix must exist.

If each user sends K − 1 private signals, K(K − 1) private signals will be transmitted
simultaneously in the K-user network. For the K-user network to send common signals,
we designed a novel transmission structure. User 1 and user K only send one common
signal, while the other users send two copies of the common signal in two different direc-
tions. That is, x[i]c = v[i]

c,1s[i]c + v[i]
c,2s[i]c , v[1]

c,1 = v[K]
c,2 = 0. The principle for determining the

transmission direction is that the second signal of the current user is spatially aligned with
the first signal of the next user, span

(
H[r,i]v[i]

c,2

)
= span

(
H[r,i+1]v[i+1]

c,1

)
, i = 1, · · · , K − 1.

The relay needs enough signal space to accommodate K(K − 1)/2 private signals and
K − 1 common signals. Therefore, the number of relay antennas must meet

N ≥ K(K − 1)/2+(K − 1) =(K − 1)(K + 2)/2 (28)

while the relay obtains the K2 signals during the MAC phase.
In the BC phase, in order to be correctly decoded by the target user, the interference

of other signals must be suppressed. For private signals, we designed precoding vectors
q[i,j]

p and q[j,i]
p to satisfy span

(
q[i,j]

p H[i,r]
)

= span
(

q[j,i]
p H[j,r]

)
. For common signals, we

designed precoding vectors q[i,j]
c and q[j,i]

c to satisfy span
(

q[i,j]
c H[i,r]

)
= span

(
q[j,i]

c H[j,r]
)

,
the size of which is (K × (K − 1)) × N. The intersection subspace of the private sig-
nal and public signal of user i and user j is defined as zπp(i,j)

p and zπc(i,j)
c , respectively.

All the intersection subspaces together constitute the equivalent transmission channel.

Z =
[
zπp(1,2)

p . . . zπp(K−1,K)
p zπc(1,2)

c . . . zπc(K−1,K)
c

]H
.

˜
Z

πp(i,j)

p is defined as an equiva-

lent matrix that does not contain zπp(i,j)
p .

Therefore, if
N ≥ (K × (K − 1)) (29)
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the set of solutions for null

(
˜
Z

πp(i,j)

p

)
exists. We can therefore conclude that Tπp(i,j)

p ∈

null

(
˜
Z

πp(i,j)

p

)
. For the common signals,

˜
Z

ϕ(K,i)

c is defined as an equivalent matrix that

does not contain ϕ(K, i) = [πc(s, t), . . . , πc(m, n)]1×K/2.
˜
Z

ϕ(K,i)

c indicates that K/2 common

vectors satisfying zπc(s,t)
c , · · · , zπc(m,n)

c , ands ̸= t ̸= · · · ̸= m ̸= n are removed from all

K × (K − 1)/2 common signal vectors. It can define Ti
c ∈ null

(
˜
Z

ϕ(K,i)

c

)
.

The received signals at user i can be expressed as

y[i] = Q[i]H[i,r]

(
K(K−1)/2

∑
m=1

Tm
p sm

R,p +
K−1

∑
n=1

Tn
c sn

R,c

)
+ n[i] (30)

where Q[i] =
[
q[i,1]

p q[i,2]
p · · · q[i,K]

p q[i,1]
c q[i,2]

c · · · q[i,K]
c

]T
. The equivalent matrix

Ĥ[i,r]
= Q[i]H[i,r] of relay to user i is a diagonalization matrix.

In order to further improve system capacity, the private signals degrees of freedom
sent by each user can be increased from 1 to dp. Similarly, the degrees of freedom of
the common signals can be increased to dc. dpK(K − 1) private signals and 2dc(K − 1)
common signals will be sent to the relay at the same time. If the number of user antennas
and the number of relay antennas meet M =

⌈
1
2 (N + dp + dc)

⌉
and N ≥ 1

2 dpK(K − 1) +
1
2 dcK(K − 1) respectively, the DoF of ηsum(K) = dpK(K − 1) + dcK can be achieved.

3.4. Physical Layer Adaptive High Order Modulation

BPSK modulation is more widely used in the research of bidirectional relay physical
layer network coding. However, there is constellation ambiguity in high order amplitude
and phase modulation. In order to solve this problem, the relay node rearranges the con-
stellation points of the received signals. We can therefore reduce the number of signal con-
stellation points through constellation point merging. The Euclidean distance between
adjacent constellation points becomes larger, and the system bit error rate performance
is improved.

The design of M-QAM constellation mapping must be combined with PNC to ensure
the existence of mapping function G. Reference [41] gives the conditions for the existence
of the PNC mapping function G: if there is (C,⊙, M : C → X) to make G : cr → sr exist,
it must satisfy ∀ci, cj ∈ C and xi = M(ci), xj = M

(
cj
)
. If there is ci ⊙ cj = sr, then

G
(

xi + xj
)
= sr. That is G

(
M(ci) + M

(
cj
))

= sr, where C is the source symbol set, X is
the set of modulated signals, cr = ci + cj is the symbol set after xi + xj demodulation, and
⊙ is the PNC mapping operator.

Since M-QAM is the superposition of two in-phase and quadrature
√

M-PAM signals,
only the design of M-QAM in-phase

√
M-PAM modulation constellation mapping needs

to be considered. The algorithm shall ensure that the corresponding PNC mapping func-
tion G exists. For

√
M-PAM modulation, the only necessary and sufficient condition for

PNC mapping to be solvable is that any L =
√

M consecutive constellation points of a su-
perimposed signal constellation are mapped to different symbols. Table 1 lists the results
of PNC using an M-QAM modulation–demodulation–remapping scheme, where x1 + x2
represents the superimposed in-phase signal received by the relay node, sr = G(c1, c2) rep-
resents the symbol after the PNC mapping, corresponding to the PNC mapping function
G, and MR,L(sr) represents the

√
M-PAM modulated signal of sr.
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Table 1. PNC remapping scheme under M-QAM.

x1 + x2 −2L + 2 −2L + 4 −2L + 6 · · · 0 2 · · · 2L − 6 2L − 4 2L − 2

(c1, c2) (0,0) (0,1) (0,2) (0,L − 1) (1,L − 1) (L − 3,L − 1) (L − 2,L − 1) (L−1,L−1)
(1,0) (1,1) (1,L − 2) (2,L − 2) (L − 2,L − 2) (L − 1,L – 2)

(2,0) ...
...

...
... (L − 1,L − 3)

(L − 2,1) (L − 2,2)
(L − 1,0) (L − 1,1)

sr = G(c1 + c2) 0 1 2 · · · L − 1 0 · · · L − 4 L − 3 L − 2
MR,L(sr) −2L + 2 −2L + 6 −2L + 10 · · · 2L − 2 −2L + 2 · · · 2L − 14 2L − 10 2L − 6

After receiving the superimposed signal, the relay node first demodulates the signal.
Table 1 shows that if the user node adopts an M-ary QAM modulation scheme, the signal
received by the relay node is equivalent to N = (2L − 1)2 ary QAM. That is, the in-phase
branch is equivalent to the PAM in H = 2L− 1 ary. The mapping function G calculates the
code word sr = c1 ⊙ c2 = G(cr) = (c1 + c2)modL after PNC mapping. Finally, the symbol
sr is modulated by L-PAM to obtain the modulated signal xr.

In the BC stage, node 1 demodulates the received signal with L-PAM to estimate ŝr.
Node 1 demaps signal ŝr according to its own information c1, and estimates the informa-
tion ĉ2 = (ŝr − c1)modL of node 2.

4. Numerical Results

The scheme studied in this paper mainly involves two aspects in performance analy-
sis, communication capacity and bit error rate (BER). All MIMO channels in the simulation
scheme are quasi-static flat fading channels. All nodes in the channel model can obtain
channel state information (CSI). Each element in the channel matrix is independently iden-
tically distributed (i.i.d.), and all nodes operate in half-duplex mode. In this section, some
simulations are given to verify the effectiveness of our proposed method. In the following
simulations, we used MATLAB and Python as tools and all the nodes are equipped with
Uniform Linear Array (ULA), as well as with M transmit elements and N receive elements
that are separated by half a wavelength. Other specific simulation parameters are shown
in Table 2.

Table 2. Simulation Parameters.

Parameters Value

user antennas M
relay antennas N

K 10
angle θ ∈ [−π, π)

number of channels M × N
frequency 6 GHz

FFT Length 128
modulation BPSK/16 QAM/64 QAM
band width 25 MHz
multipath 3

4.1. Channel Quality Analysis

In order to reflect the channel quality of the communication link of a satellite commu-
nication system, the satellite communication model is equivalent to the baseband trans-
mission model. Suppose that the communication satellite is basically aligned in the relay
signal space, the communication frequency is 6 GHz, and the modulation mode is QPSK.
The difference that channel quality makes on the propagation path has a very important
impact on the channel selection and precoding design. The solution for the aforemen-
tioned signal subspace orthogonal alignment scheme should be designed according to the
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different channel qualities. For this reason, Figure 4 simulates three different quality trans-
mission channels for simulating various communication environments.
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Figure 4. Channel transmission loss under different propagation paths.

Then, we evaluate how the correlation index of large-scale fading changes on the ar-
ray effects of the channel estimation. The average correlation factor r of the antenna is
shown in Figure 5. The fixed position of the target node is 30 degrees, and the effective
SNR is 10 dB. The variable position of the interfering node covers θ ∈ [−π, π), and the
effective SNR = 0 dB. Figure 5 shows that the larger the antenna number M, the lower the
correlation between nodes. The larger the rank equivalent to the channel matrix, the more
dispersed the eigenvalues are. In addition, it can be seen that whenever the interfering
node has the same angle as the desired node, the correlation coefficient is equal to 1. That
is, the estimates are completely correlated. This means that the estimates are parallel, and
they can only be distinguished by scaling factors. This usually happens in the case of un-
correlated Rayleigh fading and a single antenna. If each node has a different angle, the
correlation level between nodes will decrease. This highlights the fact that the completely
different characteristic directions of nodes help to reduce the correlation between channel
estimates. Another interesting phenomenon is related to correlation factors: when correla-
tion factors increase, more spatial dimensions are obtained. This increases the difference
between channels and reduces the impact between them.
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4.2. Transmission Reliability

Aiming at the bottleneck problem of system performance, this paper proposes that
the channels between user nodes and relay nodes in the system should be sorted accord-
ing to transmission quality before solving the appropriate precoding vector. The new chan-
nels with poor quality rank first, and the channels with good quality rank last. Then, the
spatial alignment direction formed by the interactive signals corresponding to the channel
and its transmission precoding vector are solved step-by-step according to the ordered
channels. Therefore, how to judge the quality of channel transmission is also a problem to
be considered in this paper.

The quality of channel transmission is essentially determined by the channel trans-
mission matrix. Therefore, the judgment standard of channel transmission quality is de-
termined from the factors that determine the channel matrix. The size of the singular value
obtained after the singular value decomposition of the channel matrix can represent the
transmission gain of the equivalent channel. At the same time, the number of nonzero
singular values is related to the channel capacity of the MIMO-Y channel model. Whether
the distribution of singular values is uniform depends on the degrees of freedom of the
channel matrix. Therefore, it can be inferred from the above analysis that the quality of
channel transmission requires comprehensive consideration of two factors: the size of the
singular value obtained from the singular value decomposition of the channel matrix and
the distribution degree of the singular value. Taking these two determinants into account,
this paper is based on the normal distribution probability density of the singular value
of the channel matrix. The integration of the density function is taken as the standard to
measure the quality of channel transmission. Specific judgment methods are as follows:

(i) The upstream channel matrix from each user node to the relay node in the chan-
nel model is decomposed into singular values, such as SVD decomposition of Hr,1. In the
three-user MIMO-Y channel model, three singular values can be obtained after
decomposition.

(ii) A group of singular values obtained from the singular value decomposition of
each channel matrix is represented by X, and the mean and variance of X are calculated.
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X follows the normal distribution, i.e., X ∼ N
(
µ, σ2). The probability density function of

normal distribution is:

f (x) =
1

σ
√

2π
e−

(x−µ)2

2σ2 (31)

where, µ is the mean value of data X, and σ2 is the variance of data X. The integral of the
positive half axis of the x-axis for function f (x) is:

t =
∫ ∞

0
f (x) (32)

The value of t is used to measure the quality of the channel transmission. Calculate
the t value corresponding to the upstream channel matrix from each user node to the relay
node, and then compare the t value. The larger the t value is, the better the channel trans-
mission quality is. In addition to the normal distribution method based on the singular
value of the matrix proposed above, there are two common methods: measure according
to the mean value of the singular value of the channel matrix and measure according to
the variance of the singular value of the channel matrix.

Figure 6a shows the simulation results of the bit error rate of the traditional SSA al-
gorithm and the signal space orthogonal alignment algorithm varying with the signal to
noise ratio. The simulation results show that the signal space orthogonal alignment algo-
rithm further reduces the bit error rate of the system compared with the traditional signal
space alignment algorithm. Therefore, the performance advantages of signal subspace or-
thogonality are verified. Figure 6b shows the simulation results of the change of bit error
rate with a signal-to-noise ratio under two conditions for optimizing the solution order of
signal spatial direction and random solution. According to the performance comparison
in the Figure, the bit error rate is lower, and the system performance is significantly im-
proved when the signal space order is determined. Therefore, the simulation results can
verify that the maximum selection gain can be obtained by first solving the spatial align-
ment direction formed by the interactive signal corresponding to the worst transmission
channel. The spatial alignment direction formed by the interactive signals corresponding
to the channel with the best transmission quality is finally solved to achieve the balance
of the system performance bottleneck. Figure 6c shows the MIMO-Y channels of 10 users
with antenna configurations of 45 × 45. The BER of the system varies with the SNR when
different channel transmission quality criteria are used to determine the signal space align-
ment direction. It can be seen from the Figure that in the multiuser application scenario,
the normal distribution of singular values of the channel matrix is comprehensively con-
sidered. At the same time, the scheme based on the variance of the singular value of
the channel matrix to measure the channel quality is better than the scheme based on the
mean value. Figure 6d shows the MIMO-Y channels of three users with an antenna con-
figuration. Through four different communication schemes, the relationship between the
system error rate and the change of SNR is compared. The four schemes are traditional sig-
nal space alignment and signal subspace orthogonal alignment. The column vector with
the largest modulus in the orthogonal projection matrix is selected as the precoding vec-
tor, and is the precoding vector optimization proposed in this paper. From the simulation
results, it can be seen that moving from signal space alignment to signal subspace orthog-
onal alignment shows a substantial improvement in the systems bit error performance.
This also confirms the necessity of realizing the orthogonal alignment of signal subspaces.
Furthermore, as far as the signal subspace orthogonal alignment algorithm is concerned,
the simulation results show that the performance of the improved algorithm proposed in
this paper is also significantly improved compared with other methods. Therefore, the
improvement of the effectiveness of the integrated power allocation, the optimized pre-
coding vector, and the order to determine the spatial alignment direction of the interactive
signals can greatly promote the improvement of system performance.
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Figure 7 compares the BER performance of different schemes after suppressing co-
channel interference. MIMO beamforming takes up the same time-frequency resources
and uses spatial resources to divide spatially separable transmission paths. Its transmis-
sion quality is significantly better than that of multiple parallel data streams constructed
by a MIMO multiuser. Transformed Subspace [32] allows messages to be exchanged by
applying improved signal space alignment for network coding and interference cancela-
tion when antennas configuration extends to N > 2M. The proposed scheme develops
the potential of signal space and constructs mutually orthogonal signal space alignment
directions. According to channel quality selection and power allocation, the minimum
European distance of constellation points is increased. This can improve the BER perfor-
mance of the system. Therefore, the BER performance of the proposed scheme is the best.

4.3. Spectral Efficiency

In the traditional denoising forwarding scheme, the relay receives signal y = x1 +
x2 + n. The constellation point of the in-phase branch of the transmitted signal after
noise elimination mapping is {−2L + 2,−2L + 4, · · · , 2L − 4, 2L − 2}. Phase BC is ap-
proximately NQAM, i.e., N = (2L − 1)2. If the modulation mode is 16 QAM, the sig-
nal received by the node is approximately 49 QAM. The signal received by the node in
this scheme is still a 16 QAM. With the increase in the modulation order of the user, the
modulation order of the signal received by the node increases exponentially. In the broad-
cast transmission phase, the distance between the constellation points of the modulation
mapping scheme proposed in this paper is twice that of the denoising scheme. The scheme
proposed in this paper solves the constellation ambiguity problem in the high order ampli-
tude and phase modulation of bidirectional relay physical layer network coding. The num-
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ber of signal constellation points is reduced by repositioning and merging the received
signals at the relay node. The Euclidean distance between adjacent constellation points be-
comes larger, and the system bit error rate performance is improved. Figure 8 shows that
the scheme in this paper can break through the limitations of BPSK modulation and adopt
higher-order modulation when the relay encodes the aligned superimposed signal in the
physical layer network. A greater sum rate can be obtained when 64 QAM is used. At
the same time, since the distance between constellation points in the remapping scheme
proposed in this paper is twice that of the denoising scheme, the channel transmission
reliability is also better than the denoising scheme.
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The order for determining the orthogonal alignment direction is very important to
further improve system performance. The basic idea is to determine the order of align-
ment directions according to the quality of the upstream channel from each node to the
relay. That is, the first step is to solve and determine the direction corresponding to the
channel with the worst quality. Finally, the alignment direction with optimal channel qual-
ity is determined. Taking a 3-user relay system as an example, the decoding accuracy of
the received signals in the 3-aligned direction is compared through simulation.

∣∣Uij
∣∣ rep-
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resents the amplitude gain in a certain orthogonal alignment direction. The amplitude
gain of different orthogonal directions is not the same. The minimum Euclidean distance
among different signal constellations is related to this. As shown in Figure 9, the first align-
ment direction can be selected from the whole matrix dimension, which has the optimal
selection gain amplitude gains. Therefore, the best correct decoding performance can be
obtained. The last alignment direction cannot be selected due to the limitation of spatial
resource dimensions, which cause the worst performance. SSA randomly selects the align-
ment direction in the signal space, which may reduce the minimum Euclidean distance
and cannot improve the decoding performance.
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Rayleigh fading channel is adopted, and two-way and multidirectional communica-
tion is assumed to be carried out by the relay. The transmitter knows the channel status
information. Under the condition of 4 users, each user is equipped with 7 antennas and
the relay is equipped with 13 antennas. The sum rate simulation results of the relay system
are shown in Figure 10. Additionally, the rate optimization problem is also called the rate
adaptive optimization problem. Specifically, rate optimization problems indirectly reflect
the maximization of channel capacity. Resources are allocated adaptively according to
time-varying CSI information and QoS parameters. It can be seen from the Figure that the
channel capacity of heterogeneous and orthogonal schemes combined with a transmission
scheme is superior to orthogonal SSA and traditional SSA. This advantage is more obvious
at the stage of medium to high signal-to-noise ratios. The signal space orthogonal scheme
further exploits the potential of signal space, expands the Euclidean distance between
constellation points, and improves the decoding reliability. Under the same conditions, a
higher-order modulation scheme can be used to further improve frequency band utiliza-
tion. By defining the protection area to ensure the power-off performance of the GEO
system, ref. [30] calculated the protection area that the cognitive user (ground system or
NGEO system) can transmit, which greatly improved the performance compared with a
traditional SSA [25]. This improves the overall performance of the system. As can be seen
from the Figure, the optimal selection of alignment direction can also further improve the
performance.
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4.4. Degrees of Freedom

The information rate contained in symbol s[i,j] is defined as Ri,j. Assuming that the
noise random variable is a complex Gaussian independent identical distribution that satis-
fies the zero mean and unit variance, the signal-to-noise ratio of each transmission channel
is P. We define the degrees of freedom (DoF) of a channel as the dimension of the received
signal space. The degrees of freedom from user i to user j can be defined as

di,j ≜ lim
SNR→∞

Ri,j(SNR)
log(SNR)

= lim
P→∞

Ri,j(P)
log(P)

(33)

In the relay cooperative communication network in this paper, the total DoF of the

system is dtotal =
K
∑

i=1
∑

j∈S
di,j.

The DoF upper bound of the user i is

K

∑
j∈S

di,j ≤ dupper
i = min

min{M, N}︸ ︷︷ ︸
A

, min{(K − 1)M, N}︸ ︷︷ ︸
B

 = min{M, N} (34)

where A and B are the boundaries of the cut from the user i and j to the relay. Additionally,

dtotal ≤
K

∑
i=1

dupper
i = min{KM, KN} (35)

From the perspective of MAC and BC transmission process, the cut from all K source
nodes to relay nodes is defined as C, and the cut from relay nodes to all K nodes is defined
as D. We can therefore obtain

dtotal ≤ min{KM, N}︸ ︷︷ ︸
C

+ min{KM, N}︸ ︷︷ ︸
D

= min{2KM, 2N} (36)

Through comprehensive consideration of Formulas (35) and (36), the upper bound of
system freedom is

dtotal ≤ min{KM, KN, 2KM, 2N} = min{KM, 2N} (37)

It can be seen from Formula (37) that if the number of node antennas is determined
as discussed at the end of Section 3.3, the degrees of freedom are only determined by the



Remote Sens. 2023, 15, 919 23 of 27

interactive degrees of freedom d and the number of users K. The upper bound of the maxi-
mum degrees of freedom that the system can achieve is only related to the number of node
antennas from the cut set theorem. Table 3 lists the research results on the upper bound of
degrees of freedom in recent years. The table lists the range of the upper bound of degrees
of freedom of the classical channel model and the proposed scheme in this paper.

Table 3. Achievable system degrees of freedom.

Channel
Model MIMO-X MIMO-Y Two-Way

MIMO Relay Proposed Scheme

Degrees of
freedom K2d/2 K(K − 1)d Kd dpK(K − 1) + dcK

N K2d/4 K(K − 1)d/2 Kd/2
(
dpK(K − 1) + dcK(K − 1)

)
/2

In order to enable information interaction between each user pair, the number of
antennas between the user and the relay must meet the constraint N ≤ min

{
2M − d(i,j)

}
,

∀d(i,j) > 0. The following results can be obtained:

N
M

≤ 2 −
d(i,j)
M

(38)

M must satisfy M ≥ ⌈N+d⌉
2 . When N and M respectively take the lower bound

K(K−1)d
2 and K(K−1)d

2 + d/2, constraint (38) can be rewritten as

N
M

≤ 2 − 2d
K(K−1)d

2 + d
=

2K2 − 2K
K2 − K + 2

(39)

It can be seen from Figure 11 that in [40], the channel diagonalization technique can
be used to achieve the upper bound 2N of system degrees of freedom at N

M ≤ 1. In
this paper, by using the heterogeneous transmission of system degrees of freedom, the
algorithm can make the upper bound 2N of system degrees of freedom realizable when
N
M ≤ 2K2−2K

K2−K+2 . When K ≥ 3, the realizable range of the upper bound 2N of the system
degrees of freedom is extended. When N

M ≥ K, due to sufficient relay resources, the upper
bound KM can be achieved due to the number of user antennas. The algorithm proposed
by the author in [39] can achieve the upper bound of channel degrees of freedom more
quickly due to full connection communication.
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5. Discussion
5.1. Power Allocation

In order to further improve the performance of the system, the efficiency of power
can also be considered. The bottleneck of power allocation lies in the transmission power
of the user node corresponding to the worst quality transmission channel in the system.
Therefore, the method to improve this problem is to ensure that the worst channel user
has enough transmission power to ensure that the signal power in each alignment direc-
tion is equal. Assume that the total transmission power of the user node in the MIMO-Y
channel model is normalized to 1. Therefore, according to the above analysis, in order to
improve system performance, the transmission power of each user node needs to meet the
following conditions: 

p1 + p2 + p3 = 1
p1 ·

∣∣∣U12|2 = p2 ·
∣∣∣U13|2

p1 ·
∣∣∣U12|2 = p3 ·

∣∣∣U23|2
(40)

where a is the transmission power of the user node. The modulus of the orthogonal align-
ment direction vector in the equation reflects the quality of the channel. Based on this, the
transmission power of each user node is allocated. The user with the worst transmission
quality gets more transmission power to improve the overall performance of the system.

5.2. Detection Channel Transmission Quality

According to the judgment criteria of channel quality in Section 4.2, the following
conclusions could be found through further research. If the mean value µ of two channel
matrices X is the same, the corresponding t value can be calculated. According to the
characteristics of the normal distribution curve, the smaller the variance σ2 is, the larger
the corresponding t value will be. When the mean value µ is constant, the greater the
value of t, the smaller the difference between the singular values of the channel matrix.
The more uniform the singular value distribution, the better the corresponding channel
transmission quality.

If the variance σ2 of two channel matrices X is the same, the normal distribution prob-
ability density curve is the same shape, except that the position of the axis of symmetry
is different. According to the characteristics of the normal distribution curve, the axis of
symmetry of the curve is far from the coordinate origin. That is, the greater the mean
value µ is, the greater the integral t value of the curve on the positive half axis of axis x.
Therefore, the corresponding channel transmission quality is better.

Therefore, according to the t value of each channel matrix, the quality of channel
transmission can be measured. Then, the upstream channels between all user nodes and
relay nodes can be sorted according to the transmission quality. Determine the order of all
channels from the worst to the best channel transmission quality. The two interactive chan-
nels with the worst transmission quality are selected first, and the transmission precoding
vector and alignment direction are calculated.

5.3. Security Analysis of Network Coding Chain

At the relay node, multicast signals are aligned with the front and rear users of the
communication, respectively, forming a hand-in-hand coding mode in the physical layer,
s1 ⊕ s2, s2 ⊕ s3, s3 ⊕ s4, · · ·sK−1 ⊕ sK, where “⊕” represents XOR.

Superimposed signals in the coding mode are encoded by the PNC. Due to multicast
groups, every coded signal in the coding mode has the desired reception signal. Therefore,
interference suppression and interference cancellation are not required in BC stage relay
forwarding. From the decoding process, due to the unique structure of the network coding
chain, decoding can be started from any node in the coding mode. Only the user nodes
participating in the communication can use the side information si sent by themselves as
the key for physical layer network decoding. Even if an illegal user intercepts the relay
broadcast signal, the attacker cannot obtain the desired signal of each user from the mixing
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signal. The self-information of each node is regarded as the private key in the public key
cryptography. Decode the expected signals in all mixing signals on the coding mode in
turn. During the decoding procedure, users do not interchange private keys, and the
private keys of nodes are different. The security of the system is improved by means of
the encoding transmission of the encryption idea.

6. Conclusions

The finiteness of inter-satellite resources in intelligent satellite networks leads to an
increase in interference in co-channel spatial signal transmissions. In view of the above
problems, this paper presents the following solutions: (i) the algorithm uses the same
wireless resources to provide transmission services for multiple unicast packets and pack-
ets multicast services at the same time. This can improve the transmission efficiency of
the system. (ii) Develop the potential of signal space and construct mutually orthogonal
signal space alignment directions. According to channel quality selection and power al-
location, the minimum European distance of constellation points is increased. This can
improve the BER performance of the system. (iii) The constellation point ambiguity prob-
lem of high-order QAM modulation is solved by relocating the constellation points of
relay superimposed signals. Numerical results have revealed that the proposed scheme
develops the potential of signal space and constructs mutually orthogonal signal space
alignment directions, which ensures that the minimum European distance of constellation
points is increased in comparison to the traditional SSA. This brings an additional BER
performance gain of 2 dB. The scheme exploration heterogeneous strategy can effectively
improve the sum rate by 23% when SNR is 25 dB. The experimental results have also
shown the effectiveness of the proposed scheme in the degrees of freedom. The signal esti-
mation technology in MIMO systems has a vital impact on the overall performance of the
system. Next, we will study the joint algorithm of channel estimation and signal detection,
which needs to balance low complexity and high parallelism.
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