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Abstract: With the increasingly obvious trend of satellite communication and network integration,
especially the emergence of inter satellite links, the interconnection between space nodes has be-
come the development trend and inevitable requirement of future space communication. However,
problems, such as long communication distance, large transmission delay and loss, limited network
resources and frequent switching of transmission links, limit the ability of spatial information trans-
mission. Firstly, based on the idea of ring planning and design, this paper uses the joint design
of beamforming between nodes to design the physical layer network coding in the relay to realize
the reliable transmission of information. Secondly, according to the diversity of relay signal space
resources and network node information exchange, a joint design method of relay compression matrix
and node precoding vector is studied, which breaks through the existing configuration constraints.
In this scheme, the computational complexity is reduced by compressing and precoding the matrix to
ensure reliable decoding while obtaining spatial alignment gain and degrees of freedom. Simulated
and real data results demonstrate the superiority and effectiveness of the proposed method.

Keywords: MIMO; signal space; degree of freedom; physical network coding

1. Introduction

With the development of new high-resolution remote sensors that need to deal with
massive amounts of information, requirements for the data transmission rate of new earth
observation satellites, data relay satellites and space communication network nodes are
becoming higher and higher [1-5]. When remote sensing satellites conduct observations
and communications, due to the long transmission distance of electromagnetic waves, it is
inevitable that large deep space free space losses will occur due to factors such as space
radiation, solar wind and corona. Insufficient observational resources and limited capacity
are one of the main factors affecting the acquisition of remote sensing satellite images.
In order to improve the image acquisition capability and timeliness of remote sensing
satellites, high-orbit satellites are used for data relay to increase spectral efficiency and
transmission reliability. At present, there are more and more networked satellite projects
either in orbit or planned for launch in the field of remote sensing, and the scale is getting
bigger and bigger. In order to meet the fundamental requirements of satellite nodes, it is
necessary to build a more intelligent constellation system.

Space-based networks are an important part of intelligent constellations. They have
a unique location advantage and can provide continuous service with seamless coverage
around the world. Space information transmission based on satellite cooperation has
the advantages of long communication distance, large capacity, and flexibility. However,
large delay and high bit error rate (BER) make the space information transmission based
on satellite cooperation less reliable. This has become the key problem that needs to be
solved in space communication. In view of these problems, most of the existing research
has used the traditional relay cooperation methods of Amplify and Forward (AF) and
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Decode and Forward (DF). For near-earth satellite communication networks, [6] selected
the relay node whose received signal-to-noise ratio is higher than the set threshold as
cooperative relay, and gave the interrupt probability expression and system performance
simulation results under AF and DF cooperation modes respectively. Based on DF coop-
erative satellite communication, [7] adopted the maximum ratio combining (MRC) and
selective diversity combining (SDC) methods with the objective of minimizing outage
probability. Reference [8], based on AF cooperative satellite communication, transmitted
the received source satellite signal to the ground destination node with multiple antennas
through beamforming vector amplification. The destination node adopted MRC method
to receive signals. The average symbol error rate under different modulation modes and
different antenna numbers was simulated and analyzed. Network coding technology was
used in the scenario of multi-beam satellite cooperative communication and the minimum
transmission time was obtained by comprehensively considering the load per beam and
channel conditions [9-11]. The results show that the system throughput has been greatly
improved after the introduction of network coding.

In the future, the space earth cooperative communication network will include not
only satellite nodes in the traditional space segment, but also high-altitude platforms
(HAPs), unmanned aerial vehicles (UAVs) and other space nodes in the adjacent space.
This is a complex communication network with wide coverage, large capacity, strong
time-variances and is multi-level. At present, the existing satellite network topology control
strategies can be divided into three categories, the first of which is virtual node policy [12].
The basic idea of this is to use the concept of satellite logical location to form a virtual
network covering the whole world. Each node in the network is a virtual node, which
is served by the nearest satellite. This strategy regards the satellite network as a fixed
topology to shield the movement of satellites. Secondly, there is the coverage division
method [13]. The basic idea is to divide the earth’s surface into several cells at equal
intervals. Due to the rotation of the earth and the movement of satellites, each satellite
adopting this strategy needs to update the topology information of the network. Before
transmitting data, the source satellite needs to calculate the corresponding destination
satellite according to the geographical coordinates of the destination node. Finally, there is
virtual topology policy [14-18]. The basic idea is to divide a system cycle into several time
slices with the change of inter satellite link occurring only at the end time point of each time
slice. The future space communication network has the inherent characteristics of complex
structure, dynamic topology and unstable transmission quality. The first classification of
satellite network topology control strategy faces the problems of long delay, high bit error
rate and low connectivity of spatial information transmission. A reliable and effective
spatial information cooperative transmission and routing scheme should be designed and
proposed.

Space interference is one of the main modes of cooperative communication interference
among satellite nodes. Space interference mainly includes near-satellite interference and
adjacent channel interference. With the rapid development of satellite communication,
there are more and more synchronous orbit satellites. Satellite spacing has been reduced
from about five degrees to about two and a half degrees now, which will inevitably lead to
near satellite interference. The disturbed signal exceeds the coverage of the original signal
and is easy to be doped with the signals of its near satellites. This leads to a sharp decline in
the performance of the transmission signal [19-22]. Adjacent channel interference is mainly
caused by the overlap between the node carrier frequency allocation and the frequency
bands of adjacent signal when there is not enough protection bandwidth. Alternatively,
it may happen when the carrier spectrum characteristics of satellite nodes do not meet
requirements, resulting in high noise bottom or sidelobe [23-25].

With the propagation characteristics of electromagnetic waves, satellite cooperative
nodes share limited spectrum resources. Since wireless electromagnetic waves are om-
nidirectional broadcast transmissions, signals transmitted at the same time in the same
frequency band will inevitably produce common channel interference (CCI). Although CCI



Remote Sens. 2022, 14, 4474

30f21

is not a new concept, the characteristics of CCI in a multiple input multiple output (MIMO)
environment are different from those of traditional single input single output (SISO). MIMO
not only provides spatial degrees of freedom (DoF), but also greatly increases the difficulty
and complexity of anti-jamming algorithms. The reception and demodulation of the satel-
lite cooperative node is essentially to decompose the superimposed signal and design a
signal structure that can be encoded at the physical layer. Designing the key method is
important to realize cooperative transmission. The interference in the satellite cooperative
network has a unified transmission system and a unified performance evaluation system,
so it can share resources and cooperate with each other in the physical layer. Using the
unique broadcast characteristics of wireless communication and the superposition of signal
electromagnetic waves, physical layer network coding can multiply the throughput of
wireless relay networks without requiring additional resources. This paper studies the
theory and method of interference utilization based on physical layer network coding. The
signals of different nodes are superimposed over the air. Self-interference cancellation is
performed at the receiving node to improve spectrum utilization. The main contributions
of this paper are as follows:

(i) Joint design of signal spatial structure optimization and superposition signal sep-
aration method. Based on the signal space reconstruction model, the cooperative
node space compression method is designed to get rid of interference management
constraints. The joint design of beam forming of multiple access nodes is realized.

(ii) Adaptive scheduling of multi-interactive cooperative transmission. The general
processing strategy for complex transmission mode and its application in multi-
directional relay transmission are studied.

2. Materials and Methods

The intelligent constellation is composed of satellites and inter satellite links, forming
a space transmission backbone network. Due to the large scale of satellites, constellation
networks often adopt sub constellations with different orbital heights and inclination angles
to form multi-layer hybrid constellations. As the access node of space network, satellite
plays the role of space-based mobile base station. Microwave inter satellite links can be
established between satellites to realize data relay and forwarding. The contact graph
routing (CGR) algorithm based on the connection graph model can not only calculate
multiple paths at the same time, but also consider the consumption of link bandwidth. It
can be used not only in deep space networks, but also in earth orbiting satellite networks.
Satellite networks usually adopt dynamic graph model and optimization theory to design
and optimize information transmission. With the periodic and predictable orbital motion
characteristics, some topology control strategy is generally used in traditional satellite
networks to shield the dynamics of topology. Then the static topology sequence is optimized
for transmission and routing.

The satellite communication system mainly adopts point-to-point unicast transmission
when providing services to another node. However, for the current fast-growing multicast
services, this physical layer transmission method is not efficient. Multicast service mainly
refers to the service type that needs to send the same information to specific multiple
nodes. If the point-to-point physical layer transmission mode is adopted directly, the
more wireless resources will be consumed. Satellite has the broadcasting characteristics
of wireless communication. For these multicast services, point-to-multipoint multicast
transmission can be used in the physical layer to achieve more effective transmission.
Facing the huge application demand and more diversified business types in the future, the
satellite communication system will face new transmission models, namely multi-channel
unicast transmission and multi-channel multicast transmission. Many inter satellite link
propagation models can be represented by directed graph which is given in Figure 1. With
K satellite communication nodes, a weighted digraph consists of K nodes and at most
K(K — 1) directed edges. If there is a directed edge from node i to node j and its weight is
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d; j, it means that node i sends a message flow with degree of freedom d; ; to node j. If two
nodes are not adjacent, it means that no message is transmitted between the two nodes.
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Figure 1. Inter satellite link directed graph.

2.1. Signal Model

Consider a satellite relay cooperative transmission network with K nodes. Each trans-
mission node is configured with M;,i = 1,..., K antennas, and the relay forwarding node
is configured with N antennas. For simplicity of description, it is assumed that each trans-
mission node has the same antennas of M. Because the transmission distance is too long
and the energy of the transmitted signal is limited, the nodes use the relay forwarding
mode to exchange information [26-28]. Node i expects to send message Wl through the co-
operative transport network, and at the same time receives and decodes messages that may
Wm@/{wm}_

The entire transmission process is divided into two stages. In the first stage, all nodes
that need to transmit messages send signals to the relay simultaneously. This is called
multiple access channel (MAC). It is described by

be transmitted by any other node except its own. {W[l], Wi,

gl — 3 Rl 4 iR )

where, HIR4 is the channel transmission matrix from node i to relay R, and the size is

N x M;. xl!l € CMi is the signal vector finally transmitted by node i after signal processing.
nlRl € CN represents the white Gaussian noise. The signals transmitted by all nodes satisfy
the power constraints E [Tr (x[i]x[i]H)} < SNR. Due to the strong direct component in
satellite communication and few scatterers in the channel, the MIMO channel changes
slowly. The elements of the channel transmission matrix satisfy the independent and
identical distribution under the complex Gaussian random variable, NC(0, 1).

The relay receives and separates the superimposed signal and encodes it into the signal
to be sent. The second stage is the broadcast channel (BC) stage, where the relay transmits
the encoded signal to all destination nodes in the form of broadcast. The broadcast signal
received by node i is as follows:

where, HI/Rl is the channel transmission matrix from relay R to node i, and the size
is M; x N. xRl € CN is the signal vector finally transmitted by the relay after signal
processing. nll e CM represents the white Gaussian noise. The signals transmitted by the

relay satisfy the power constraints E [Tr (X[R]X[R]H)} < SNR.
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During the MAC phase, K — 1 independent messages WUl are sent from node i to the
relay for node j where i,j €{1,2,...K} and j # i. It uses the precoding vector to construct
the spatial direction to send the encoded flow. Specifically, it can be expressed as:

X =Y Vsl i e 1,2,...,K} ®3)
j=Lj#i

The network coding technology of signal space alignment is to design the beam space
alignment direction, so that the signals sent by the two nodes that exchange information are
aligned to the same signal subspace. At the same time, the different alignment directions
are kept independent to avoid mutual interference. The relay performs joint detection
of decoding and forwarding on the received superimposed signal. The design of the
beamforming vector should satisfy:

H[R'l]v[zll} — H[sz]v[llz] — u[Rfl]
H[R'l]v[sll} = H[ng]v[lfg’] = u[sz]

@)
HIRK-1y[KK-1] — gIRKIGK-1K] — R )
The received signal at the relay can be expressed as
K .
yRI =y HIRix[] 4 plR]
i=1
®)
_ S HRD 3 lidglil 4 pl®
i=1 j=1,j#i
Therefore, the relay received signal can be further expressed as:
YR = v HRI 3 ylidsliil 4 plR]
i=1 j=1j#i
5[2'1] _|- 5[1'2]
5[3/1] _|_ 5[113}
= [ulRa],.ul® 5 sl 454 | L R ©)

SIKK=1] 4'_5[1<71,1<]

= U[R]S[R] + n[R]

In the BC phase, the relay broadcasts the coded message of the physical layer network

at the same time W}TI?] W[R] Seee, W}TR] ) to other destination nodes by encoded flow

1,2)” "' (1,3) (K-1,K
s[lfR],s[Z’R], el sIK(K=1)/2.R] with beamforming vectors v[lfR],v[sz], . ,V[K(Kzil)'R], which is
denoted as
K(K-1)/2
X[R} — Z V[i,R]s[i,R] (7)

i=1

The receiver uses interference null-space beamforming combined with receive antenna
selection (RAS) to suppress undesired interfering signals. Each node utilizes a selection
gain to select a portion of the receive antennas for receiving signals. Therefore, the received
precoding vector must lie in the intersecting null space of other non-target nodes:

YRl ¢ {nuzz(ﬂ[z"“) n null(ﬂ[S'm) ﬂnull(I:I[4'R]) n... ﬂnull(ﬁ[K’R])} 8
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where AV® s the equivalent transmission channel formed by the antenna selection of the
receiving node j, and the matrix size is: (K — 1) x M. Beamforming vectors for other nodes
can be constructed in the same way.

The received signal of node j is

SILR]

: AURI[ IR LR [iR] s :

gUl = AP o R, ] 5 +#ll o
IKELR)

— U RIg R Al

where QU’R] represents the equivalent channel of node j after interference suppression.
Each node can use zero-forcing decoding to detect the physical layer network coded signal
it expects to receive. The self-information is used to realize information reception that
eliminates interference.

2.2. Cooperative Transmission of Spatial Information Network
2.2.1. Universal Multicast Transmission Strategy Based on Ring Planning

The existing research results basically focus only on a specific model. However,
in reality there are more hybrid transmission models. Due to the change of channel
transmission model, the signal receiving model of the whole system changes. Optimization
criteria are also different. In practical application scenarios, the channel quality is different
due to the different geographical location and path loss of different nodes. In order to
maximize the use of channel capacity, communication nodes adaptively choose different
code rates and modulation methods according to the channel quality. Thus, an asymmetric
transmission channel is formed. Therefore, aiming at the complex communication scenario
of asymmetric/symmetric coexistence, a generalized method to systematically solve the
heterogeneous information transmission under the condition of multicast is proposed.

Message transmission is expressed by adjacency of nodes in a weighted directed graph.
Each directed edge represents a message flow. The degrees of freedom of the message are
represented by the weights of the edges in the directed graph, and the directed edge is
omitted when the weight is 0. Take a 4-node multicast channel as an example. Assuming
that the number of relay antennas N is 6, DoF is a tuple d = (3,0,0,1,2,1,1,1,0,1,0,0).
The information interaction among nodes is shown in Figure 2. If the information ex-
change occurs at nodes 1 to 2, 2 to 3, and 3 to 1, it is said to constitute a closed loop
1 —2 — 3 — 1. For K-node multicast relay channels, there may be a closed loop with
length of 2 (1 — 2 — 1) to a closed loop with lengthof K(1 -2 — --- = K—1). Asan
example, it can be seen in Figure 2a, there is a ring with a length of 2 (1 — 2 — 1) and
(2 =3 —2). Thereisaring of length3(1 -2 -3 = 1)and (1 -2 =4 — 1).

One-way transmission: When the one-way strategy is adopted, the relay uses decoding
and forwarding to realize the one-way data communication of the point-to-point channel.
The transmitted signal occupies a one-dimensional resource of the relay signal space. If
this transmission method is used to realize the message transmission with tuple d in DoF,
dz = dyp +diz +dia+dpy +dos +dpg +dz) +dap +dzg +dyg +dap +dgz < N must be
satistied. However, since dy- = 10 > N, the condition d cannot be obtained for one-way
transmission at this time.

Two-way transmission: There is a problem with using a bidirectional strategy to solve
2-ring. The one-dimensional signals W2 and W21 interacted by nodes 1 and 2 are aligned
to the same signal space of the relay with the signal space alignment (SSA) algorithm. Then,
relay can decode to obtain a linear combination of the two signals L(W2, Wizl After
the physical layer network coding, this information is sent to nodes 1 and 2 at the same
time in the BC phase. Each node uses the message sent by itself as side information to
decode the desired signal.
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(¢)

Figure 2. Directed graph of information interaction among nodes. (a) Initial message directed graph,
(b) message directed graph after eliminating 2-ring, and (c) message directed graph after eliminating
3-ring (1,2,3).

After 1 -2 — 1 and 2 — 3 — 2 transmissions are implemented using the above
method, the remainder of the DOF tuples become d = (d1o —d21,0,0,0,d93 — d3p,dp4,d31,0,
0,d41,0,0). If one-way transmission is used to complete the rest of the information inter-
action, dip — dp1 + do3 — dzp + dps + d31 + d41 dimensional space is required. Synthesize
the above two steps to obtain DOF tuple d, which needs to meet dy- = dy + dip — do1 +
d3p +dp3 — dzp + dpg + d31 +dy1 < N. However, due to dy- = 8 > N, although the use of
bidirectional transmission cuts down the two-dimensional signal space requirements, d is
still not available.

Multi-ring transmission: DOF tuples d cannot be obtained by using the combination
of one-way transmission and two-way transmission. As shown in Figure 2b, when the relay
uses two-dimensional space to transmit the bidirectional signals of nodes 1 and 2, 2 and 3,
the remaining DOF tuples become d =(2,0,0,0,1,1,1,0,0,1,0, 0). Align the signals w2
and W23 sent by node 1 and node 2 respectively to the one-dimensional signal space of the
relay. Align the signals W>3) and W1 sent by nodes 2 and 3 to another dimension space
of the relay. The relay can obtain a linear combination of these signals L(W!!2l, W[23]) and
L(WR3!, wBA). The signal W23 is sent twice and aligned to different directions. Each
node decodes the received signal using its own transmitted signal in the MAC phase. The
relay realizes the transmission of 3-rings (1 — 2 — 3 — 1) in two-dimensional space. As
shown in Figure 2c.

Using the multi-ring strategy, the relay only needs a d»3 + d3; = 2 dimensional relay
space to transmit one 3-ring signal. It saves one-dimensional resource than using one-way
mode to transmit signals. Through the combination of bidirectional transmission and
multi-ring transmission, the minimum space resource required by the transmission system
is: (10).

dy =dpy +dy+doy+ds+dy <N (10

It can be seen from formula (10) that after the initial tuple d is processed by ring
elimination, it is similar to a directed graph with no rings. It can be concluded that the
key to studying the optimal communication scheme of a K-node multidirectional relay
channel is the ring elimination technique in directed graph. For a certain DoF tuple d,
one-way transmission, two-way transmission and multi-ring transmission should be used
in combination. By optimizing the ring elimination strategy, the DoF upper bound of
message transmission can be realized. For a 4-node multicast channel the DoF domain is
represented by the following inequality:
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3 4
Y Y dpy <N, Vp (11)
i=1j=i+1

where p is the ordered permutation for (1,2,3,4) and p; is i-th element.

2.2.2. Resource Allocation Optimization of Space Compression

Each source node i and the set S 1 composed of other nodes exchange independent mes-
sages, Sl = {1,2,...,K}\{i}. The message sent by node i to node j is
glidl = Hl’”, sg’]], .., sgfz ]} , which contains di/]- independent information flows. The sum

ij
K
of the number of independent information flows sent in the system is dy1q) = Y. Y d; ;.
i=1 jegli
jeS
When N < d}y,, the relay cannot decode all data streams independently. When the physi-
cal layer network coding is used, the relay simply decodes the network coding symbols

s@. The element of vector sg is composed of {s[i'f] + s, vj e S[i],Vi}. When N > 2M,
s cannot be directly obtained by signal space alignment using precoding matrices vl
and VU, s;, must be obtained by designing the relay compression matrix and aligning the
desired interactive signal to the relay compression subspace. suppose that | x N(] < N)-
dimensional matrix P is a compressed matrix and full rank, the compressed relay received
signal is:
K
yIR = pylRl = Yy pHl Vgl 4 pplRl (12)
i=1

Thus, the subspace alignment condition of a compressed signal is obtained as follows:
pHIIVE = palirlyiid = glijl (13)

It is required that the compression matrix P should not affect the expected decoded
signal and that the designed precoding matrix VIl has full rank. The equivalent condition

vl

C Null [PHM —PHM} .

Align each pair of signals to the same signal subspace. The relay will receive %

alignment signals. In order to ensure the complete decoding of signal s¢, by the relay, | > %
must be guaranteed. The compressed signal processed by the compression matrix is:

yIR = Bsg + PnlR (14)

Considering the space spanned by signal dimension, span(B) C span (PH[i" })
Nspan (PHW]) can be obtained. If N > 2M, the intersection subspace is empty between

span (H[i'r]> and span (HU"]) when the compression method is not exploited. After the

compression matrix processing, SSA can be realized only when the intersection subspace
exists. This is shown in Figure 3b.

If the transmission channel between communicating nodes satisfies the independent
Gaussian distribution, the basis vector of the intersection subspace of a pair of source
node equivalent channel matrices PH""! and PHU/"} cannot be located in the intersection
subspace of the other pair of source node equivalent channel matrices. Therefore, the matrix
B is a full rank matrix with full probability, which ensures the decidability of the signal s¢,
by the relay.

The subspace alignment condition of the compressed signal (Equation (13)) holds if

and only if there are at least % —2M +d;  basis vectors in the signal space formed by PT,

, 9T
which are located in the |HI"  — HW]} null space of the communication pair (i, j). Row
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‘ AT
% —2M +d, j of matrix P is located in {H[l"] — HU/ | null space. Therefore, the null
space dimension of [PH[i”] - PHU"]} is not less than d; ;. The precoding matrices vii]

and VU7 can always be found such that Equation (13) holds. This condition also makes
rank(P) > % true. That is, P is full rank.

| Dimension of relay space | Dimension of relay space

[ M- >
N

[ N >
N

|
| | i
Wy ) '
| span(H"" | span(HI |
G AN 72222\
| span( ) | L ()
L ] )
L span([ﬂ[”"] H["’]]) J L span([H[”"] H["’]]) N
| | I !
span (B[i"]) c span(H[”"] ) Nspan (H[ f"]) span (Hl'»r] ) A span (H[jJ] ) -

(a) (b)

| Dimension of relay space

I
- N "
Mo I
I
|

| span (H[""]) |

NN

|
| Span(H[ ""]) |
- NM——

span([H[""] H["']D

span(B”"")  span (H“'r')ﬁspan(H' "")
(c)

Figure 3. Distribution change of equivalent channel spanned space of nodes. (a) Traditional SSA
(N < 2M), (b) SSA (N > 2M), (c) SSA after space compression (N > 2M).

3. Results

In this section, some simulations are given to verify the effectiveness of our proposed
method. In the following simulations, we assume that 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 1.

Table 1. Simulation Parameters.

Parameters Value
node antennas M
relay antennas N

K 3

taps 3
Number of channels M x N
frequency 2.4 GHz

FFT Length 64

modulation 16 QAM

band width 20 MHz

Roll off factor 0.3
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3.1. Analysis of MIMO Channel Characteristics

Assuming that the communication node is in the slowly changing condition of the far-
field plane wave in the relay propagation environment, the semi-static channel transmission
response HI®/ can be obtained. The ideal propagation conditions make it possible to
separate multiple antenna channels at the relay side. At this point, channels H®/ and
HIRJ| need to satisfy:

(H[R,iJ)HH[R,ﬂ

JE{ I} )

The convergence characteristics of different fading channels can be considered by
Formula (15). The interpretation of (15) is that the channel directions become asymptotically
orthogonal. This is because the propagation paths of the antenna experience independent
fading, and the probability of each independent propagation path entering shadow fading
at the same time is very low. Spatial diversity gain can be obtained with multiple antennas.
The channel matrix H®/) varies with time and is a random variable. If the variables satisfy
Equation (16), the random channel matrix HI®/| exhibits channel hardening properties.
That is, the channel fading gradually becomes deterministic and approaches hardening.

—0 (15)

|HRA

S INre— oy (16)
E{ |H{R?

>y 1
)

‘With the increasing number of antennas, all singular values of the random matrix
HIR) obey a certain distribution function. All eigenvalues have the same distribution and
are gradually replaced by the mean.

Consider the fading channel hardening phenomenon in N-dimensional space as
shown in Figure 4. The average value of the normalized instantaneous channel gain is

|H|?/ E{ |H]|? } It can be seen from the comparison of the channel hardening of different

antenna number probability and random realization that all schemes gradually converge
with the increase of the number of antennas. In particular, when the number of antennas
is greater than 50, the convergence tends to be stable. Channel parameters will gradually
change from randomness to determinism. This feature can ensure that communication
nodes use simple linear precoding to replace complex nonlinear precoding and real-time
precoding.

3

Mean value

— — — Percentiles

25 | One realization

o
T
-

Normalized channel gain
Ve
/

——
!
I
I
|
I
|
|
|
|
|
|
I
I
|
|
|
|
|
|
|
1
1

05 |f 7/ 4

0 50 100 150

Number of antennas (N)

Figure 4. Comparison of channel hardening characteristics.
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In wireless communication, electromagnetic waves may arrive at the receiver via many
different paths. In the process of transmission through the wireless channel, it may pass
through the direct line of sight (LoS) path or through the plane reflection. Since the multiple
copies of the original transmission signal propagate at different distances, they arrive at the
receiver at different times and have different average power levels. A traditional fading
channel simulation technology, tapped delay line, is used by people to model impulse
response. Each tap represents the sum of multipath signals arriving at the same time. Since
signals arriving later have greater path loss, the tap amplitude usually decreases over time.
The average power and delay of each tap are displayed as channel impulse responses, also
known as power delay profile (PDP). Three taps (signal paths) are designed using Jakes’
fading simulator. In order to study the propagation characteristics of a Rayleigh fading
channel, a 2 x 2 MIMO channel is constructed. The power delay profile and response of
each channel are measured. The measurement results are shown in Tables 2 and 3.

Table 2. Measured value of path delay (unit: ns).

Channel 1 Channel 2 Channel 3 Channel 4
path 1 115.31 124.25 107.84 115.79
path2 4993.75 4995.00 4995.50 4987.51
path 3 9991.25 9992.50 9990.00 9981.25

Table 3. Measured value of path loss (unit: dB).

Channel 1 Channel 2 Channel 3 Channel 4
path 1 —-2.01 —-2.13 —2.00 —-2.12
path 2 —5.13 —4.86 —5.15 —4.89
path 3 —11.97 —12.11 —12.04 —12.05

To combat channel fading, data packet retransmission or practical channel error cor-
rection codes are generally used. As can be seen from the figure, the fading characteristics
of different channels are very different, which has a great impact on data transmission.
In the past, fading was regarded as an unfavorable factor, which was often solved by
equalization or diversity techniques. MIMO technology not only does not try to eliminate
multi-path signals but makes full use of multi-path vectors in spatial propagation and
optimizes transmission and reception as a whole. The signals of the same sub-channel,
synthesized under different propagation paths, are extracted from multiple antennas, and
the optimal signal is selected as the received signal of this sub-channel through analysis and
comparison. This can effectively utilize random channel fading and multipath propagation
to increase the transmission rate.

When the transmit power of a single antenna remains unchanged, increasing the
number of antennas can increase the average signal-to-noise ratio (SNR) at the receiving
end by coherently combining multiple signals. The array gain is strongly related to the
logarithm of the number of antennas. Array gain can improve system radiated energy
efficiency. When the coverage remains unchanged, increasing the number of antennas can
reduce the transmit power of the antennas, which in turn can reduce the requirements for
the linear range of the power amplifier of the device. If the transmit power of a single
antenna remains the same, the total power of massive MIMO will even decrease.

The method proposed in this paper utilizes a precoding vector so that pairs of users
exchanging information are aligned in the same direction in signal space. The different
directions are kept in opposition to each other to avoid interference. The relay performs
physical layer network coding on the received superimposed signal. In the design, it
is necessary to comprehensively consider whether the constraints of each user on the
alignment are satisfied. Take three nodes as an example:
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span (HIMIVIA) = span (HIM V12
span (HI2v22) = span (HIlv[13] (17)
span (HI3v23)) = span (HIAIy2A

Three network coded signals are obtained from independent codewords at the relay.
Consider M x 1 vector q that lies in R(A;1) N R(A;), where R(-) represents the column
space of a matrix. A; and A are M x M random matrices whose entries are drawn from
iid. complex Gaussian distribution N¢(0,1). There exists q; € CMx1 § = 1,2, such that
q = A1q; = Axq,. This can be rewritten in matrix form as

q
Iy —A 0 o

92

The cross subspace dimension of R(A;1) N R(A;y) can be found by computing the null
space of P. Since the elements of the matrix A; and A, satisfy the complex Gaussian i.i.d.,
the high probability satisfies that the rank of the matrix P is 2M. Therefore, we can draw
the conclusions that (18) has solutions and exist q by exploiting the rank-nullity theorem.
The node selects the optimal precoding vector within the signal space dimension, so that
the aligned pairs of different users remain independent of each other during transmission.
Further, the general formula of formula (4) can be obtained. The signal is aligned to three
directions in the signal space dimension, as shown in Figure 5.

2DMUSIC Spalia Spectrumn

/
|
~ ;
e e (L
IR e
|
Power (0B

Azimuth Angie (degrees)

Elevation Angle {dagrees)

Figure 5. Spatial distribution of alignment signal angle.

The relay receives the superimposed signals transmitted in different alignment directions
and performs decoding and detection. There is no mutual interference between superimposed

signals, and simple linear independent decoding can be performed (u[R’i]) Hu[R’j] =0,
i # j. By applying the physical network coding modulation-demodulation mapping principle,
the relay encodes the decoded symbols. It must be emphasized that the intersection subspaces
of information exchange pairs do not need to be orthogonal to each other.

3.2. Spectral Efficiency

The key idea of the method proposed in this paper is to reasonably choose the beam-
forming vector within the signal space such that the transmitted signals from two nodes
are aligned to the 1-dimension of the intersecting subspace. The relay performs decoding
and retransmission of separable superimposed signals. The relay designs a precoding
vector with zero interference to eliminate inter-node interference during broadcast trans-
mission. In a 3-user channel, TDMA scheme requires six time slots to implement data
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exchange between users through the relay, and its multiplexing gain is 7 = 1. The mul-
tiuser MIMO (MU-MIMO) scheme requires four orthogonal time slots to implement data
exchange between users through beamforming vector optimization. The multiplexing gain
is # = 1.5. The proposed scheme achieves data exchange between users in two time slots
through signal space compression, and its multiplexing gain is 7 = 3. Using these proposed
signaling methods, it is shown that the capacity of the MIMO channel is characterized
as #M1og(SNR) + o(log(SNR)) in the interference limited environment [29]. Then we
compare the achievable capacity of different transmission techniques with that of the signal
space under the non-saturated SNR regime. The slope of the curve in Figure 6 represents
the multiplexing gain that the scheme can achieve, further reflecting the ability of data
exchange and transmission. Throughput refers to the number of information bits correctly
transmitted in a unit time, and its transmission capacity can be characterized by channel ca-
pacity. It can be seen from Figure 6 that capacity curve of proposed scheme has the steepest
slope. Meanwhile, The TDMA curve is the flattest. The corresponding content has been
added to the upper paragraph of Figure 6. In Figure 6, the proposed method can achieve
greater potential than conventional TDMA and multi-user MIMO (MU-MIMO) schemes.

90

— % TDMAM=3,N=7
80 [ [——4——TDMAM=4N=9 .
Multiuser MIMOM =3, N=7

70 _Q_Mulnuser MIMOM=4 N=9
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Proposed M=4, N=9

60
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Capacity (bps/Hz)
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SNR (dB)

Figure 6. Capacity of different schemes.

In the following simulations, a cooperative transmission network with K = 10 nodes
and different numbers of antennas is considered. In the Gaussian local scattering channel
model, the angular standard deviation (ASD) ¢ = 10°. Figure 7 shows the effect of the
number of relay antennas on the average sum spectral efficiency (SE). When the relay
receives the superimposed signal aligned in the signal space, it performs local decoding.
We chose multi-node minimum mean-squared error (M-MMSE), single-node minimum
mean-squared error (S-MMSE), regularized zero-forcing (RZF), ZF, and maximum ratio
(MR) combining as the decoding method. In Figure 8, the performance of M-MMSE is the
best. In order to reduce the computational complexity, approximate calculation is usually
adopted. The performance of RZF and ZF is very close when the number of antennas is
large. But when the number of antennas is insufficient, the ZF performance drops sharply.
This is mainly because there are not enough degrees of freedom against interference. Also
note that the performance of the S-MMSE scheme is only slightly lower than that of the
M-MMSE scheme. Although the MR scheme has the worst performance, it does not require
matrix inversion and thus has the lowest computational complexity.
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Figure 7. Average sum SE as a function of the number of relay antennas for different combining
schemes. (a) DoF =1, (b) DoF =2, (c) DoF = 4.
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Figure 8. CDF of different schemes.

A fading channel h € CM is spatially uncorrelated if the channel gain ||h||* and the
channel direction h/||h|| are independent random variables, and the channel direction is
uniformly distributed over the unit-sphere in C. The channel is otherwise spatially correlated.
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Practical channels are generally spatially correlated, also known as having space-selective
fading. Therefore, correlated Rayleigh fading channels such that hiil ~ Ng (0 M, R[i'f}),

where Rl € CMXM s the positive semi-definite spatial correlation matrix and it is also
the covariance matrix due to the zero mean. The normalized trace "/l = tr (R[i'ﬂ) /M

determines the average channel gain from one of the antennas at transmitter I to receiver j.
Uncorrelated Rayleigh fading with R = BN, is a special case of this model. Figure 8
shows the cumulative distribution function (CDF) curves of SE changes at any node in the
transmission network. The direction of arrival of the array elements in the MIMO channel
is non-omnidirectional and non-uniform, so the correlation characteristics of the channel
transfer function and the performance of the wireless channel are closely related to the
corresponding spatial distance vector. Through the simulation comparison of uncorrelated
Rayleigh fading channel and Gaussian local scattering channel model, the CDF curve with
spatial correlation is on the right. The CDF curve of uncorrelated channels is steeper, and
the channel statistical capacity is larger. Therefore, it can be concluded that the stronger
the correlation between the antennas, the smaller the channel capacity, and the slower the
CDF curve of the transmission capacity. The transmission capacity is less than that of an
independent uncorrelated Rayleigh channel.

The best detection algorithm for nonlinear detection is Maximum Likelihood Received
Detection (ML), which is especially beneficial for obtaining the smallest error rate. However,
the complexity of ML grows exponentially with transmit antenna and modulation order.
When the antenna dimension and modulation order are large, it cannot be applied in
practical systems. The detection algorithms of linear detection mainly include zero forcing
(ZF) algorithm and minimum mean square error (MMSE) algorithm. They are simple to
implement but have poor bit error rate performance. When the transmission channel H
is an ill-conditioned matrix, that is, when there is a correlation, the interference between
the data streams is relatively large. The channel matrix H is subjected to sorted QR
decomposition H = QR to generate a set of permutation sequences, and at the same
time, the unitary matrix Q and the upper triangular matrix R, whose elements above the
diagonal are ordered, are obtained. In particular, the upper diagonal elements contain all
the information of the channel correlation.

Wideband signals will cause more serious nonlinear effects, which is not conducive to
the transmission of high-order modulated signals. At the same time, in order to meet the
needs of satellite communication for high-speed data transmission, 16QAM modulation is
adopted in this paper. The transmitter uses an 8-order raised cosine roll off filter with a roll
off factor of 0.3 to realize pulse shaping filtering. At the receiving end, a corresponding
raised cosine roll off filter is used for matched filtering. It can be seen from Figure 9 that
MMSE usually has better decoding performance than ZF due to the lack of amplification
noise. When linear correlation is introduced between channel matrix columns, an ill
conditioned matrix is formed. The small error in the coefficients has a great harmful effect
on the decoding, and the decoding performance of MMSE and ZF decreases sharply. In
order to reduce the noise enhancement, we use QR decomposition to reduce correlated
condition. In particular, the ZF decoder based on QR decomposition provides performance
improvement in case of ill-conditioned channels due to the way it considers only the
well-conditioned elements of the channel. This method is robust to correlated channels.
The method proposed in this paper leads to a significant increase in throughput, but BER
simulation performance is not completely consistent with theoretical analysis. This is
because sometimes the calculated signaling (spatial) dimensions for aligned symbols result
in the low minimum distance between the symbols, and this affects BER performance.
This problem is overcome by adding redundant antennas at every user and calculating
the corresponding precoding vectors to obtain the flexibility in the selection of orthogonal
signaling dimensions as well as to simplify the decoding at the relay.
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Figure 9. The effect of channel conditions on scheme performance.

The sum rate is used to characterize the channel capacity characteristics of all users in
the system. As shown in Figure 10, the slope of the curve represents the approximate system
degrees of freedom. The system transmission efficiency can be improved by increasing
the number of users or sending more independent streams at the same time. In order to
increase the degree of freedom of the system, traditional communication technologies must
consume more time, frequency or airspace resources. The advantages brought by large-
scale antennas cannot be fully exploited by using multiple access technology. The method
proposed in this paper studies the superposition characteristics and signal spatial structure
of signals in different degrees of freedom and designs separable superimposed signals
through distribution characteristics to eliminate intersymbol interference. Any node in the
satellite network may be the transmitter or receiver. The method can flexibly configure
the number of antennas at the transceiver by combining with the existing schemes. When
the number of antennas is greater than the method requirements, the antenna selection
technology can be used to obtain the selection gain.
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Figure 10. Sum rate of space compression.

3.3. Method Robustness

With the increasing demand for satellite communication in modern life, limited spec-
trum resources have become one of the important factors limiting the development of
communication services; however, increasing the transmission signal bandwidth or us-
ing broadband signals cannot guarantee the demand for the continuous development of
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communication services. Therefore, in the background of current spectrum resources, the
effective use of spectrum resources and the improvement of transmission efficiency are the
research directions that communication researchers have been paying close attention to.
The relay node receives the signals sent by multiple nodes at the same time and
broadcasts the forwarding signal to multiple nodes in the next stage. Therefore, the
performance of the relay node becomes the key that restricts the performance of the entire
transmission system. According to the rank-zero theorem, the dimension of the right null
space of the existing scheme is 1. This means that there is only one alignment signal vector
available between each interacting pair of users. Therefore, the aligned signal vectors
are all fixed. In most cases, these vectors are not optimal. The bit error rate of a relay
system is determined by the minimum distance to align the signal constellation points.
However, the traditional scheme cannot flexibly coordinate and align the positions of the
signal constellation points according to the signal space structure. To increase the distance
between alignment signals, the alignment space needs to be reconstructed. Utilizing the
redundant degrees of freedom introduced by the additional antennas enables the optimal
selection of aligned signal vectors in the redundant space. There are more and more kinds
of remote sensing images that can be obtained by satellite remote sensing. The information
contained in remote sensing images also tends to be diversified and complex. Figure 11
shows the performance comparison. The method proposed in this paper is used to process
remote sensing data acquisition and transmission to realize the fusion of remote sensing
images. Figure 11b greatly improves the effectiveness and reliability of transmission by
optimizing the spatial structure of the signal and suppressing interference signals. It is
found that Figure 11b can obtain more detailed remote sensing images than Figure 11a.

(b)

Figure 11. The proposed technology is applied to remote sensing imaging. (a) Traditional MIMO

transmission. (b) The proposed scheme.

4. Discussion
4.1. Result Analysis

Whether it is interference alignment or signal space alignment, the DOF of messages
WUl and WU transmitted by a pair of nodes i and j exchanging information is generally
the same, that is, symmetrical transmission. For example, the essence of the K-node
multiple pairs bidirectional relay transmission algorithm is the process of eliminating
K/2 rings [30]. The essence of the K-node MIMO channel SSA and PNC algorithm is the
process of eliminating K(K — 1) /2 rings [31]. The essence of the K-node multi-directional
relay successful NC algorithm is the process of eliminating one K-ring [32]. Therefore,
the common typical algorithms can be reduced to a special case or subset of the method
proposed in this paper. This method has more general applicability.

According to the cut-set boundary analysis of the degrees of freedom of the multi-
directional relay channel, the total degrees of freedom in the transmission system can be
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obtained as: dyy, = Z Y d;;. The upper bound of the degree of freedom of the trans-
i=1j€S;

mission nodeiis: ¥ d;; < d;""" = min{min{M, N}, min{(K — 1)M, N}}. Therefore, the
j€s;
degree of freedom of the whole network is d;o, < Z d“pper min{KM, KN}. Meanwhile,

it is necessary to consider the cut sent by K nodes to the relay and the cut sent by the relay
to K nodes. The upper bound of the degree of freedom of the whole network is following;:

diorar < min{KM, KN,2KM,2N} = min{KM, 2N} (19)

Currently, only [33,34] analyze the maximum reachable DoF in the entire domain, and
other algorithms only give piecewise local maximum reachable DoF.

4.2. Antenna Configuration

The idea of signal space alignment comes from interference alignment. The beam-
forming vector is designed to align several signals to the same dimension of the signal
space to improve the utilization of space resources. In the co-channel transmission process,
mutual interference between transmitted signals is avoided. By reducing the number of
independent streams propagating over the air by signal superposition, the requirement of
antenna configuration conditions is relieved. span (H,v;;) = span(H,v;;). f M > K -1,
N > K(K—1)/2 and 2M > N + 1 is achieved, the degrees of freedom of K(K — 1) is
satisfied. This is idea of traditional SSA.

In order to further improve the transmission capacity of the entire cooperative trans-
mission network, the weight of each edge of the weighted directed graph can be extended
to d. As long as the number of node antennas is not less than the number of independent
streams d(K — 1) to be sent, the relay can implement decoding and forwarding under the
condition of N > d(K? — 3K + 3). In order to further expand the constraints of antenna
configuration, a compression matrix P is designed to realize the transmission of interac-
tive data in the signal subspace. When the signal space is compressed to dK(K —1)/2
dimensions, the antenna configuration condition can be extended to N > 2M.

Extending this improved SSA to any number of communication nodes K can more
easily realize the switching of communication roles among satellites. As can be seen from
Table 4, we not only break through the original antenna constraints N < 2M, but also
consume fewer antennas. Meanwhile, this breaks the constraints of the number of relay
antennas and node antennas, and promotes the engineering application of satellite relay
transmission.

Table 4. Antenna configuration conditions of different schemes.

K Scheme M N Total Number

4 SSA 4 6 22
Proposed 3 7 19

5 SSA 6 10 40
Proposed 4 13 33

6 SSA 8 15 63
Proposed 5 21 51

Table 5 lists the comparison of the number of antennas required by the method
proposed in this paper and [34] in order to realize a certain transmission tuple. The variable
T, defined in Table 2, represents the synthesis of the number of antennas required by all
communication nodes and relay nodes in the transmission process. It can be seen that the
ring planning and design idea based on this paper can significantly reduce the requirements
for antenna resources. For a certain degree of freedom tuple d, there may be unidirectional
transmission, bidirectional transmission and multidirectional transmission in the network
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at the same time. A node may be on multiple rings of different lengths or multiple rings
of the same length at the same time. Elimination of loops in message flow graphs can
significantly improve transmission efficiency.

Table 5. Multicast transmission strategy based on ring planning.

K (dlzr d13, d14r ce d42, d43) N Tproposed T [34]
3 (2,0,0,0,2,0,2,0,0,0,0,0) 4 11 16
4 (1,10,0,1,20,0,1,2,0,0) 6 17 30
4 3,0,0,1,2,1,1,1,0,2,0,0) 7 21 35
4 (3,0,0,1,301,0,3,2,0,2) 10 33 50

5. Conclusions

In this paper, a signal space reconstruction method was used to study the effect of
signal separability from the characteristic extraction and signal distribution characteristics
of superimposed signals on different degrees of freedom. We optimized the transmis-
sion algorithm through the signal space structure to improve its adaptability to complex
interference communication scenarios. Secondly, we used ring planning to exploit the
potential of exchange cooperative transmission management. This can realize the joint
optimization utilization of space resource optimal management and network coding. The
proposed method can improve spectral efficiency and transmission reliability compared
with other existing methods. Simulations and experimental data verify the effectiveness of
the proposed method.
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Abbreviations

Abbreviation Comparison Table

Amplify and Forward AF
Decode and Forward DF
Maximum Ratio Combining MRC
Selective Diversity Combining SDC
Network Coding NC
High Altitude Platforms HAPs
Unmanned Aerial Vehicles UAVs
Common Channel Interference CCI
Multiple Input Multiple Output MIMO
Single Input Single Output SISO
Degrees of Freedom DoF
Contact Graph Routing CGR
Multiple Access Channel MAC
Broadcast Channel BC
Receive Antenna Selection RAS
Signal Space Alignment SSA

Uniform Linear Array ULA
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Signal-To-Noise Ratio SNR
Independent And Identically Distributed i.i.d
Time Division Multiple Access TDMA
Angular Standard Deviation ASD
Spectral Efficiency SE
Minimum Mean-Squared Error MMSE
Zero-Forcing ZF
Cumulative Distribution Function CDF
Maximum Likelihood ML
Physical Network Coding PNC
Power Delay Profile PDP
Mathematical Symbols
()T Transpose
(-)H Conjugate Transpose
Null(-) Nullspaces
rank(-) Rank of Matrix
E(-) Expectation
Tr(-) Matrix Trace
span(-) Generate Subspace
cN N-dimensional complex value
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