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Abstract: In this paper, we use satellite-assisted and multi-group multicast mechanisms to relieve
ground traffic pressure and improve data transmission efficiency of cell-free massive MIMO systems.
We propose to estimate channel state information (CSI) by common pilot scheme. Given the estimated
CSI, we derive the closed-form expressions of achievable rate with maximum ratio transmission
(MRT) and zero-forcing (ZF) precoding. The correctness of the closed-form expressions is verified
through simulations. The results show that with the help of satellite and multicast, the average
system spectrum efficiency (SE) can be significantly improved.

Keywords: satellite-assisted; cell-free massive MIMO; multi-group multicast

1. Introduction

With the rapid development of mobile communication, more and more people and ma-
chines are connected to the network, and the exponential growth of data traffic has brought
tremendous pressure to the terrestrial cellular network. This promotes the integration of the
satellite network and terrestrial cellular network. Using satellites to assist terrestrial base
stations, the data traffic of the ground cellular networks is shunted to provide users with
better services. Moreover, satellite network can cope with the situation where limited local
resources affect service quality by virtue of its global awareness. Therefore, the integration
of satellite network and terrestrial network can effectively relieve ground traffic pressure
and promote global information dissemination [1,2].

Recently, the concept of cell-free massive multiple-input multiple-output (MIMO)
has attracted widespread attention in the academic community [3–5]. In cell-free massive
MIMO systems, multiple access points (APs) jointly serve users within the same time-
frequency resource, without existing cell. Ideally, all APs are connected to a central
processing unit (CPU) to exchange information. The estimated channel state information
(CSI) obtained by uplink pilot is used to precode the transmitted data in the downlink and
perform data detection in the uplink. Moreover, the concept of cell-free massive MIMO is
to combine massive MIMO [6] with distributed MIMO [7]. Therefore, it has the advantages
of both massive MIMO and distributed MIMO [8].

Faced with the content-centric form of communication, hot information needs to
be transmitted to multiple users, resulting that repeated transmission of information
will bring a waste of resources [9]. Point-to-multipoint transmission using multicast can
provide services to more users under the same resource conditions, therefore improving
efficiency. In multicast scenario, users needing the same information are grouped into
the same group, then multiple independent data streams are transmitted to different
groups. Each group is called a multicasting group. Through multicast transmission,
we can use the CSI at the transmitter to optimize the transmission based on a desired
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performance metric [10]. Ref. [11] introduced mixed unicast and multicast transmission
under centralized massive MIMO systems, and performed multi-objective optimization to
improve system performance. In [12], a non-orthogonal transmission framework based on
layered-division multiplexing (LDM) is proposed to support both multicast and unicast
services in cooperative multi-cell cellular networks. The above articles are all aimed at
traditional centralized massive MIMO multicast systems. Considering the scenario of multi-
group multicast cell-free massive MIMO, ref. [13] compared and analyzed the spectral
efficiency (SE) after channel estimation and it is found that the use of downlink pilot
can enhance the user’s ability to detect signals. A conjugate beamforming precoder was
used in [14] to analyze the performance of multi-group multicast cell-free massive MIMO
systems. They all consider only terrestrial cell-free massive MIMO systems with estimated
CSI, not taking satellite-assisted into consideration.

Due to the growth of data traffic and the need to expand signal coverage, there have
been many studies on the performance of integrated satellite ground multicast systems
in recent years. Ref. [15] studied user access and resource allocation in the integrated
satellite and terrestrial multi-cell multicast scenario, and formulated an optimal resource
schedule scheme. In [16], a time-division multi-group multicast transmission scheme was
proposed in the scenario of integrating satellites and terrestrial multi-cells, dividing the
signal transmission into ground transmission phase and satellite transmission phase, which
effectively improved system SE. The above research on satellite communication is based
on ideal CSI which is not practical and will inevitably affect the performance of the system.
Therefore, in this article, we will consider the non-ideal CSI and reasonably analyze the SE
of the satellite-assisted terrestrial multicast systems.

In this paper, we consider satellite-assisted cell-free massive MIMO multi-group
multicast scenarios. The users who need the same information are divided into the same
group. APs and satellite multiplex the same bandwidth to provide multicast services for
each group of users on the ground, and they are all equipped with multiple antennas.
Assuming users in each multicast group receive the signals sent from the satellite and APs
at the same time, then we use the estimated CSI to analyze the SE of the system. The main
contributions of this paper are summarized as follows:

• We consider a multi-group multicast scheme in satellite-assisted cell-free massive MIMO
systems. We use common pilot scheme to estimate satellite and terrestrial channel.

• With the estimated CSI, the closed-form expressions of the SE of multicast users
with maximum ratio transmission (MRT) and zero-forcing (ZF) precoding schemes
in satellite-assisted cell-free massive MIMO are derived. The SE of satellite-assisted
cell-free massive MIMO multicast systems is analyzed.

• The accuracy of the derived closed-form expressions and the effectiveness of the multi-
group multicast transmission scheme in satellite-assisted cell-free massive MIMO
systems are verified. Insightful conclusion can be drawn that satellite-assisted can
relieve terrestrial pressure and multicast can improve system SE effectively.

The remainder of the paper is organized as follows. In Section 2, we describe the
system model including system configuration, satellite channel model, terrestrial channel
model and signal transmission model. Section 3 consider the non-ideal CSI, using minimum
mean-square error (MMSE) method to estimate satellite channel and terrestrial channel
and the closed-form expressions of the MRT and ZF downlink achievable rate are derived.
Representative numerical results are given in Section 4 before we conclude the paper
in Section 5.

The following notations are used. All boldface letters stand for vectors (lower case) or
matrices (upper case). IN is the size-N identity matrix. Italic letters (e.g., X or x) denote
scalars. The transpose, Hermitian transpose and trace operators are denoted by (·)T, (·)H

and tr(·), respectively. Cm×n denotes the set of m× n complex valued matrices. |x| is the
absolute value of a scalar x, ‖X‖ is the spectral norm of a matrix X. x ∼ CN (0, σ2) means
that x is a circularly symmetric complex Gaussian random variable with mean zero and
variance σ2. E[·] denotes the expectation operator.
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2. System Model
2.1. System Configuration

We consider a satellite-assisted cell-free massive MIMO system where NB APs and
a LEO multi-beam satellite provide multicast services to K single-antenna users in a
cooperative manner. Assuming that the satellite and all APs use the same frequency
spectrum during the entire transmission process, and all APs are distributed within the
coverage area of the satellite. Each AP has MB antennas and the satellite has MS antennas.
All users are grouped into G groups according to the requested contents. In multicast
group g, the number of users is Kg. These users are arbitrarily distributed in the system.
As shown in Figure 1, there are 34 users in total, which are divided into 3 multicast groups,
then, G = 3, K1 = 11, K2 = 11, K3 = 12.

G1 UE

G2 UE

G3 UE

Figure 1. System Configuration.

2.2. Channel Model

For the satellite channel, we assume that the satellite link is quasi-static. We do not
take the influence of rain fading into consideration. The channel vector between the satellite
and the k-th user in the g-th group is [17]

gg,k = L
1
2
g,kbg,k, g = 1, 2, . . . , G; k = 1, 2, . . . , Kg, (1)

where Lg,k is large-scale attenuation and can be defined by

Lg,k =
GtGrBg,k

PLg,k
, (2)

Gt and Gr represent satellite and user antenna gain, respectively. PLg,k is free space loss in
dB [17],

PLg,k = 90.45 + 20lg( fc) + 20lg
(

dg,k

)
, (3)

fc is satellite carrier frequency, dg,k is the direct distance between the satellite and the user

on the ground, Ag,k is beam gain, Bg,k =

∣∣∣∣ J1(ug,k)
2ug,k

+ 36
J3(ug,k)

u3
g,k

∣∣∣∣2, where ug,k = 2.07123
sin ϕg,k
sin ϕ3dB

,

ϕg,k indicates the angle between the k-th user in the g group and the center of the corre-
sponding beam, ϕ3dB represents the angle corresponding to the 3dB power loss of each spot
beam, J1 and J3 are the first-order and third-order Bessel functions of the first kind, respec-

tively. bg,k =
[
bg,k,1, bg,k,2, . . . , bg,k,MS

]T
is the small-scale attenuation between the satellite

and the user, using the Shadowed Rice (SR) model [18], bg,k,i = Ag,k,ie
jψg,k,i + Zg,k,ie

jφg,k,i ,
where A and Z are the amplitudes of the scattering and line of sight (LoS) parts respectively,
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which obey the Rayleigh distribution and Nakagami-m distribution respectively. Assum-
ing that ψ is a static random phase, uniformly distributed in [0, 2π), φ is the determined
phase of the LoS part, which is independent of A and Z. Therefore, the SR distribution
finally can be determined by the three parameters (b, m, Ω). The parameter values cor-
responding to different shadow levels can be referred to [18]. Ω = E

[
Z2] indicates the

average power of the LoS part, 2b = E
[
Z2] is the average power of the scattering part.

m = E
[
Z2]2/Var

{
Z2} ≥ 0 represents the Nakagami parameter determined according to

the severity of the attenuation. Then, the probability density function of
∣∣∣bg,k,i

∣∣∣2 can be
expressed as

f|bg,k,i|2(
x) =

(
2bm

2bm + Ω

)m x
b

e
(
− x2

2b

)
B(b, m, Ω, x), (4)

where x ≥ 0, B(b, m, Ω, x) = 1F1

(
m, 1, Ωx2

2b(2bm+Ω)

)
is Kummer function. Let ηg,k be the

statistical character of satellite channel.
It is worth noting that the channel model we consider here is a little different from

the actual satellite channel. First, the satellite channel is actually constantly changing,
and the influence of rain attenuation is also difficult to avoid, especially in the Ka-band.
It becomes difficult for us to obtain real-time channel state information. Additionally, it
may be that the currently acquired and estimated channel state information is no longer
the current channel state. The channel aging problem also needs to be solved urgently.
Secondly, if low-orbit satellites are considered, the Doppler frequency shift caused by the
high-speed movement of the satellites actually needs to be taken into account in the channel
model. Doppler frequency shift not only causes inter-symbol interference between signals.
Doppler frequency shift spreading will also cause rapid time change of the channel, making
it difficult for the receiving terminal to obtain instantaneous channel state information.
Therefore, the estimation range of the Doppler frequency offset and the rate of change of
the Doppler frequency offset during the integration process of the satellite system and
the terrestrial 5G system need to be emphatically considered and urgently needed to
be resolved.

For the terrestrial channel, we apply uncorrelated Rayleigh fading channel. The
channel vector between APs and the k-th user in the g group can be expressed as

hg,k = β
1
2
g,kug,k, g = 1, 2, . . . , G; k = 1, 2, . . . , Kg, (5)

where βg,k = diag
(

β1,g,k, β2,g,k, . . . , βNB ,g,k

)
⊗ IMB , βn,g,k = d−a

n,g,k represents the large-scale
attenuation between the n-th AP and the k-th user in group g, a is the path loss factor, gener-
ally between 3.0 and 5.0, dn,g,k represents the distance between the n-th AP and the k-th user
in group g, ug,k is uncorrelated small-scale fast fading vector, ug,k ∼ CN

(
0, INB MB

)
, includ-

ing independent identically distributed cyclic symmetric complex Gaussian (ZMCSCG)
random variables with a mean of 0 and a variance of 1.

3. Performance Analysis
3.1. Channel Estimation

Obtaining accurate channel state information is particularly important in wireless
communication transmission. In an actual communication scenario, neither the transmitter
nor the receiver may be able to fully understand the channel state. At this time, it is
necessary to estimate the channel state information. The channel state information on the
receiver side can be obtained through pilot transmission. The channel state information
on the transmitter side can be obtained through the feedback link or channel reciprocity.
According to [19], the estimation accuracy of the channel state information is inconsistent,
resulting in inconsistent system capacity. It can be seen that when the estimation error
increases, the system capacity decreases. It can be seen that accurate estimation of channel
state information is particularly important.
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In this paper, we use pilot-assisted channel estimation. Due to the channel reciprocity,
the CSI obtained by uplink channel estimation can be used for the precoding of downlink
data transmission. In multicast transmission, each multicast group has many users. Take
a TV channel for multicast transmission as an example, when hundreds of users watch
the same channel, the resources in the coherent range will be exhausted. Therefore, for
multicast users, it is more appropriate to adopt the new common pilot allocation scheme
mentioned in [20]. Users in each multicast group share the same pilot, so a total of G pilots
are required instead of ∑G

g=1 Kg pilots. The length of pilot sequence is τp.
For the satellite channel, the pilot sequence transmitted by the g-th user group is ψg,

ψg ∈ Cτp×1, and the pilot signal received by the satellite is expressed as

rp =
√

τpρp,S

G

∑
g=1

Kg

∑
k=1

gg,kψH
g + Np,S. (6)

The MMSE estimate of the satellite channel is [21]

ĝg,k =

√
τpρp,Sηg,k

τpρp,S ∑
Kg
k′=1 ηg,k′ + 1

(√
τpρp,S

Kg

∑
k=1

gg,k + nS,g

)
= γ1/2

g,k b̂g,k, (7)

where nS,g ∼ CN
(
0, IMS

)
is standardized additive noise, ρp,S is the power of uplink pilot,

γg,k =
τpρp,Sη2

g,k

τpρp,S ∑
Kg
k′=1

ηg,k′+1
is the equivalent large-scale fading and b̂g,k ∼ CN

(
0, IMS

)
.

Let gg = ∑
Kg
t=1
√

τpρp,Sgg,t represent the linear superposition of the user channels used
in group g, then the estimated value can be expressed as

ĝg =
∑

Kg
t=1 τpρp,Sηg,t

τpρp,S ∑
Kg
k′=1 ηg,k′ + 1

(√
τpρp,S

Kg

∑
k=1

gg,k + nS,g

)
= ε1/2

g b̂g, (8)

where εg =

(
∑

Kg
t=1 τpρp,Sηg,t

)2

τpρp,S ∑
Kg
k′=1

ηg,k′+1
is the equivalent large-scale fading and b̂g ∼ CN

(
0, IMS

)
.

Using a MS × G matrix Ĝ = [ĝ1, ĝ2, . . . , ĝG] to represent the channel estimation vector
between the satellite and users in all G multicast groups, as a result, there is only one scalar
coefficient between ĝg,k and ĝg,

ĝg,k = cg,kĝg (9)

cg,k =

√
τpρp,Sηg,k

∑
Kg
t=1 τpρp,Sηg,t

. (10)

Similarly, the MMSE estimate of the terrestrial channel is

ĥg,k = χ1/2
g,k ûg,k, (11)

where χg,k = diag
(

χ1,g,k, χ2,g,k, . . . , χNB ,g,k

)
⊗ IMB is the equivalent large-scale fading,

χn,g,k =
τpρp,B βn,g,k

τpρp,B ∑
Kg
k′=1

βn,g,k′+1
and ûg,k ∼ CN

(
0, INB MB

)
.

The estimated value of hg can be expressed as

ĥg = α1/2
g ûg, (12)
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where αg = diag
(
α1,g, α2,g, . . . , αNB ,g

)
⊗ IMB is the equivalent large-scale fading, αn,g =(

∑
Kg
t=1 τpρp,B βn,g,t

)2

∑
Kg
k′=1

τpρp,B βn,g,k′+1
and ûg ∼ CN

(
0, INB MB

)
. Using a NB MB×G matrix Ĥ =

[
ĥ1, ĥ2, . . . , ĥG

]
to represent the channel estimation vector between APs and users in all G multicast groups,
as a result, there is a diagonal matrix difference between ĥg,k and ĥg,

ĥg,k = κg,kĥg, (13)

where κg,k = diag
(

κ1,g,k, κ2,g,k, . . . , κNB ,g,k

)
⊗ IMB and κn,g,k =

√
τpρp,B βn,g,k

∑
Kg
t=1 τpρp,B βn,g,t

.

3.2. Downlink Spectral Efficiency Analysis

In satellite-assisted cell-free massive MIMO multi-group multicast systems, APs and
the satellite provide multicast services for G group users. We assume that users in each
multicast group receive the signals sent from the satellite and APs at the same time [16].
For downlink signal transmission, the multicast signal received by the k-th user in group g
is expressed as

yg,k = hH
g,kwgsg + gH

g,kvgsg + hH
g,k

G

∑
i=1,i 6=g

wisi + gH
g,k

G

∑
i=1,i 6=g

visi + ng,k, (14)

where sg ∈ C indicates the data symbol sent to users in group g, and E
[∣∣sg

∣∣2] = 1,

ng,k ∼ CN
(
0, σ2

dl
)

is additive noise, wg ∈ CNB MB×1 and vg ∈ CMS×1 represent the precod-
ing vectors sent by APs and satellite to group g, respectively.

It is worth noting that we do not take the interference between satellite systems and
terrestrial systems into consideration. However, during the integration process of satellite
systems and terrestrial systems, the inter-system interference caused by frequency sharing
is also worth considering.

Assuming that users only use statistical channel state information for signal decoding,
according to [22], the received signal can be rewritten as

yg,k = E
[
hH

g,kwg + gH
g,kvg

]
+ n′g,k, (15)

where

n′g,k =
[
hH

g,kwg + gH
g,kvg −E

[
hH

g,kwg + gH
g,kvg

]]
sg + hH

g,k

G

∑
i=1,i 6=g

wisi + gH
g,k

G

∑
i=1,i 6=g

visi + ng,k. (16)

E
[
hH

g,kwg + gH
g,kvg

]
sg is the only expected signal of the k-th user in group g, n′g.k is interfer-

ence, then the achievable SE of the k-th user in group g can be expressed as

Rg,k = log2

1 +

∣∣∣E[hH
g,kwg + gH

g,kvg

]∣∣∣2
∑G

i=1 E
[∣∣∣hH

g,kwi + gH
g,kvi

∣∣∣2]− ∣∣∣E[hH
g,kwg + gH

g,kvg

]∣∣∣2 + σ2
dl

. (17)

In this paper, we consider MRT and ZF precoding. For MRT precoding, the precoding
vector of the terrestrial base station for the g-th multicast group is

wmrt
g = pdl

B,gĥg, (18)
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where pdl
B,g = 1

/√
E[‖ĥg‖2] = 1

/√
MB ∑NB

m=1 αm,g is power normalization parameter, and

E
[
‖wmrt

g ‖2] = 1. The precoding vector of the satellite for the g-th multicast group is

vmrt
g = pdl

S,gĝg, (19)

where pdl
S,g = 1/

√
E[‖ĝg‖2] = 1/

√
MSεg is power normalization parameter, and

E
[
‖vmrt

g ‖2] = 1.

Theorem 1. When the base station and satellite terminals use MRT precoding, the closed-form
expression of the downlink achievable rate can be given by Rmrt

g,k = log2

(
1 + SINRmrt

g,k

)

SINRmrt
g,k =

(
pdl

B,g MB ∑NB
m=1 κm,g,kαm,g + pdl

S,g MSεgcg,k

)2

∑G
i=1

[
∑NB

m=1

(
βm,g,k − χm,g,k

)
+ ηg,k − γg,k

]
− 2pdl

B,g pdl
S,g MB MSεgcg,k ∑NB

m=1 κm,g,kαm,g + σ2
dl

. (20)

Proof of Theorem 1. The proof is given in Appendix A.

For ZF precoding, the precoding vector of the terrestrial base station for the g-th
multicast group is

wZF
g = qdl

B,gaB,g, (21)

where aB,g is the g-th column of Ĥ
(

ĤHĤ
)−1

, qdl
B,g = 1/

√
E[‖aB,g‖2] = 1

/√
(MB −G)∑NB

m=1 αm,g is

power normalization parameter, and E
[
‖wZF

g ‖2] = 1. The precoding vector of the satellite
for the g-th multicast group is

vZF
g = qdl

S,gaS,g, (22)

where aS,g is the g-th column of Ĝ
(

ĜHĜ
)−1

, qdl
S,g = 1/

√
E[‖aS,g‖2] = 1

/√
(MS − G)εg is

power normalization parameter, and E
[
‖vZF

g ‖2] = 1.

Theorem 2. When the base station and satellite terminals use ZF precoding, the closed expression
of the downlink achievable rate can be given by RZF

g,k = log2

(
1 + SINRZF

g,k

)

SINRZF
g,k =

(
qdl

B,g ∑NB
m=1 κm,g,k + qdl

S,gcg,k

)2

∑G
i=1 ∑NB

m=1

(
βm,g,k − χm,g,k

)
+ ∑G

i=1

(
ηg,k − γg,k

)
− 2qdl

B,gqdl
S,gcg,k ∑NB

m=1 κm,g,k + σ2
dl

. (23)

Proof of Theorem 2. The proof is given in Appendix B.

Remark 1. In Theorems 1 and 2, we derive the closed-form expressions of achievable rate with
MRT and ZF precoding. In contrast to the derivation process under only terrestrial multicast
scenario, satellite-assisted multicast introduces an additional item gH

g,kvg. It increases the difficulty
of derivation. By using large-scale random matrix theory and introducing middle term between
terrestrial item and satellite item, we successfully derive the closed-form expressions.

Remark 2. The closed-form expressions of achievable rate with MRT and ZF precoding presented
in Theorems 1 and 2 provide convenience for parameter analyses. Compared with simulation
expression, there might be a little different. However, it is relatively tractable and accurate. In
particular, with closed-form expressions, there is no need to characterize the distributions of signal
and interference powers to obtain an analytical expression, so that we can simplify the analysis
process, but achieve relatively accurate results simultaneously.
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4. Numerical Results

In this section, the theoretical analysis presented in Section 3 is verified through a set
of Monte Carlo simulations, to analyze the performance of the satellite-assisted cell-free
massive MIMO multi-group multicast system.

4.1. Simulation Parameter Setting

In the simulation, we consider a circular cell-free massive MIMO system, where all
APs and users are randomly distributed and the satellite cover the entire system, so that
the satellite and terrestrial base stations provide users with multicast services cooperatively.
All the simulation parameters are shown in Table 1.

Table 1. simulation parameters.

Parameter Name Value

Orbit altitude d0 1350 km
Carrier frequency fc 20 GHz

The number of AP NB 6
The number of multicast group G 3
The number of users per group Kg 5

Uplink pilot signal transmit powerρp 30 dBm
Cell radius r 1 km

Path loss index a 3.7
Satellite transmitting antenna gain Gt 24.3 dBi

User receiving antenna gain Gr 10 dBi
3 dB angle ϕ3dB 0.4◦

4.2. Simulation Result Analysis

SE is shown in Figure 2 against signal-noise ratio (SNR) with MRT and ZF precoding
under ideal and non-ideal CSI. In addition, the number of AP antennas and satellite
antennas is set as 60 and 30, respectively. It can be seen that the performance of ZF
precoding is better than MRT precoding. Simultaneously, the SE of the system under
ideal CSI is significantly higher than that under non-ideal channels. This also reflects the
importance of obtaining accurate channel state information.

SE is shown in Figure 3 against SNR with different number of antennas at APs and
satellite. It can be seen that the theoretical results agree well with the simulated results,
which verifies the accuracy of the closed-form expressions derived in Theorems 1 and 2.
As the number of satellite antennas increases, the SE increases, and the performance of ZF
precoding is better than MRT precoding.

Please note that the coexistence of satellite and terrestrial networks may introduce
complicated interference problems. When the terrestrial network and the satellite network
transmit signals to users at the same time, the repeated use of the same frequency causes
inter-system interference which may degrade the system performance severely. How to
decrease the inter-system interference will be considered to be a point for further research.

Figure 4 illustrates the average SE against terrestrial downlink transmit power under
two scenarios of satellite-assisted multicast and only terrestrial unicast. We set SNR as 10 dB.
Meanwhile, we assume that the terrestrial downlink transmitted power of ranging from
30 dBm to 40 dBm and the satellite downlink transmitted power as 30 dBm. Simultaneously,
the number of AP antennas and satellite antennas is set as 60 and 30, respectively. It can be
seen in Figure 4 that the SE increases with the increasing terrestrial downlink transmitted
power. In addition, the system we are studying is satellite-assisted cell-free massive
MIMO systems, including satellite networks and terrestrial networks. The satellite network
serves as a supplement to the relatively mature terrestrial network. Therefore, when
the terrestrial network traffic is overloaded, part of the traffic is offloaded to the satellite
network, therefore relieving the communication pressure on the ground. It is reflected in
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Figure 4. With the help of satellite, when the user’s total rate is constant, part of the rate of
ground base station is offloaded to the satellite, resulting that the rate in only terrestrial
multicast scene is reduced.
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Figure 2. SE against SNR with MRT and ZF beamforming under ideal and non-ideal CSI.
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Figure 3. SE against SNR with MRT and ZF beamforming.

Figure 5 illustrates the influence of different group size on the system SE. The total
number of users is set to 60. We change the number of groups, and thus the number of
users in each group has also changed. The horizontal coordinate in Figure 5 is the number
of users in each group, {10, 12, 15, 20, 30} correspondingly. Multicast provides a one-time
data transmission service for multiple users who need the same resources. It not only
avoids repeated transmission of data to improve transmission efficiency, but also ensures
that it does not affect other users needing different information to receive data effectively.
This can be reflected in Figure 5 that the system SE increases with group size, indicating
that multicast scheme helps improve the system performance.
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Figure 5. System spectral efficiency of different group size.

5. Conclusions

In this paper, we analyzed the downlink spectral efficiency of a satellite-assisted
cell-free massive MIMO multi-group multicast system, trying to merge the satellite system
with the terrestrial cell-free system. First, we use the SR model and the Rayleigh model to
establish the satellite channel and the ground channel, and use the common pilot scheme to
estimate the satellite and ground CSI. Then, given the estimated CSI, we derived the closed-
form expressions of the downlink achievable rate with MRT and ZF beamforming. Finally,
the correctness of the derived closed-form expressions was verified, and the simulation
results revealed that with the help of multicast, higher system SE can be obtained. Moreover,
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the integration of satellite and terrestrial network effectively relieved the pressure of
terrestrial communication. In the future, we will focus on the study of how to decrease the
inter-system interference caused by the coexistence of satellite and terrestrial networks.
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Appendix A. Proof of Theorem 1

To obtain the closed-form expression of the downlink achievable rate with MRT
beamforming, the following four items need to be calculated: E

[
hH

g,kwmrt
g
]
, E
[
gH

g,kvmrt
g
]
,

∑G
i=1 E

[∣∣hH
g,kwmrt

i

∣∣2] and ∑G
i=1 E

[∣∣gH
g,kvmrt

i

∣∣2].
For the term E

[
hH

g,kwmrt
g
]
, we have

E
[
hH

g,kwmrt
g
]

= E
[
pdl

B,ghH
g,kĥg

]
(a)
= E

[
pdl

B,gĥ
H
g,kĥg

]
(b)
= E

[
pdl

B,gĥ
H
g κH

g,kĥg
]

(c)
= pdl

B,g MB ∑NB
m=1 κm,g,kαm,g,

(A1)

where (a) is because h̃g,k and ĥg,k are independent, (b) results from (13) and (c) are
obtained by the large-scale random matrix conclusion Theorem 1 in [23].

Similarly, for the term E
[
gH

g,kvmrt
g
]
, we have

E
[
gH

g,kvmrt
g

]
(a)
= E

[
pdl

S,gcg,kĝH
g ĝg

]
(b)
= pdl

S,g MSεgcg,k,
(A2)

For the term ∑G
i=1 E

[∣∣∣hH
g,kwmrt

i

∣∣∣2], we have

∑G
i=1 E

[∣∣∣hH
g,kwmrt

i

∣∣∣2] = ∑G
i=1 E

[∣∣pdl
B,ih

H
g,kĥi

∣∣2]
(a)
= ∑G

i=1

(
pdl

B,i

)2
E
[∣∣ĥH

g κH
g,kĥi

∣∣2 + ∣∣h̃H
g,kĥi

∣∣2]
(b)
=
(

pdl
B,g

)2
E
[∣∣ĥH

g κH
g,kĥg

∣∣2]+ ∑G
i=1

(
pdl

B,i

)2
E
[∣∣h̃H

g,kĥi
∣∣2]

(c)
=
(

pdl
B,g MB ∑NB

m=1 κm,g,kαm,g

)2
+ ∑G

i=1 ∑NB
m=1

(
βm,g,k − χm,g,k

)
,

(A3)
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where (a) results from the independence of h̃g,k and ĥg,k, and the nature of variance. (b)
is obtained because that ĥg and ĥi are uncorrelated random vectors without considering
pilot pollution. (c) is obtained because of the large-scale random matrix conclusion.

Considering the term ∑G
i=1 E

[∣∣gH
g,kvmrt

i

∣∣2], we have

∑G
i=1 E

[∣∣∣gH
g,kvmrt

i

∣∣∣2] = ∑G
i=1 E

[∣∣∣pdl
S,ig

H
g,kĝi

∣∣∣2]
(a)
= ∑G

i=1

(
pdl

S,i

)2
E
[∣∣cg,kĝH

g ĝi
∣∣2 + ∣∣g̃H

g,kĝi
∣∣2]

(b)
=
(

pdl
S,g

)2
E
[∣∣cg,kĝH

g ĝg
∣∣2]+ ∑G

i=1

(
pdl

S,i

)2
E
[∣∣g̃H

g,kĝi
∣∣2]

(c)
=
(

pdl
S,g MSεgcg,k

)2
+ ∑G

i=1

(
ηg,k − γg,k

)
,

(A4)

where (a) results from the independence of g̃g,k and ĝg,k, and the nature of variance. (b) is
obtained because that ĝg and ĝi are uncorrelated random vectors without considering pilot
pollution. (c) is obtained by the large-scale random matrix conclusion.

Substituting the above results into (17) yields the closed-form expression of the
downlink achievable rate with MRT beamforming.

Appendix B. Proof of ZF Closed-Form Expression

To obtain the closed-form expression of the downlink achievable rate with ZF beam-
forming, the following four items need to be calculated: E

[
hH

g,kwZF
g
]
, E

[
gH

g,kvZF
g
]
,

∑G
i=1 E

[∣∣hH
g,kwZF

i

∣∣2], ∑G
i=1 E

[∣∣gH
g,kvZF

i

∣∣2].
For the term E

[
hH

g,kwZF
g
]
, we have

E
[
hH

g,kwZF
g
]

= E
[
qdl

B,ghH
g,kĤ

(
ĤHĤ

)−1eg
]

(a)
= E

[
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B,gĥ
H
g κH

g,kĤ
(
ĤHĤ

)−1eg
]

(b)
= qdl

B,g ∑NB
m=1 κm,g,k,

(A5)

where (a) results from the independence of h̃g,k and ĥg,k and (13), (b) is obtained because

E
[
ĥ

H
g Ĥ
(
ĤHĤ

)−1eg
]
= 1.

Similarly, for the term E
[
gH

g,kvZF
g
]
, we have

E
[
gH

g,kvZF
g
]

= E
[
qdl

S,ggH
g,kĜ

(
ĜHĜ

)−1eg
]

(a)
= E

[
qdl

S,gcg,kĝH
g Ĝ
(
ĜHĜ

)−1eg
]

(b)
= qdl

S,gcg,k,

(A6)

For the term ∑G
i=1 E

[∣∣hH
g,kwZF

i

∣∣2], we have

∑G
i=1 E

[∣∣∣hH
g,kwZF

i

∣∣∣2] = ∑G
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H
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(
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(
qdl

B,i
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)−1ei
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ĤHĤ
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=
(
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g,kĤ

(
ĤHĤ

)−1eg
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(
qdl

B,i

)2
E
[∣∣h̃H

g,kĤ
(
ĤHĤ

)−1ei
∣∣2]

(c)
=
(

qdl
B,g

)2(
∑NB

m=1 κm,g,k

)
+ ∑G

i=1 ∑NB
m=1

(
βm,g,k − χm,g,k

)
,

(A7)

where (a) is because h̃g,k and ĥg,k are independent, (b) is obtained because that ĥg and
ĥi are uncorrelated, (c) results from the nature of expectation that E[X1X2] = E[X1]E[X2]
when X1 and X2 are independent.
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Considering the term ∑G
i=1 E

[∣∣gH
g,kvZF

i

∣∣2], we have

∑G
i=1 E

[∣∣∣gH
g,kvZF

i

∣∣∣2] = ∑G
i=1 E

[∣∣qdl
S,ig

H
g,kĜ

(
ĜHĜ

)−1ei
∣∣2]

(a)
= ∑G

i=1

(
qdl

S,i

)2
E
[∣∣cg,kĝH

g Ĝ
(
ĜHĜ

)−1ei
∣∣2 + ∣∣g̃H

g,kĜ
(
ĜHĜ

)−1ei
∣∣2]

(b)
=
(

qdl
S,g

)2
E
[∣∣cg,kĝH

g Ĝ
(
ĜHĜ

)−1eg
∣∣2]+ ∑G

i=1
(
qdl

S,i
)2E

[∣∣g̃H
g,kĜ

(
ĜHĜ

)−1ei
∣∣2]

(c)
=
(

qdl
S,gcg,k

)2
+ ∑G

i=1

(
ηg,k − γg,k

)
,

(A8)

where (a) is because g̃g,k and ĝg,k are independent, (b) is obtained because that ĝg and
ĝi are uncorrelated, (c) is obtained because of the nature of expectation that E[X1X2] =
E[X1]E[X2] for independent X1 and X2.

Substituting the above results into (17) yields the closed-form expression of the
downlink achievable rate with ZF beamforming.
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