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Abstract. In this paper, we investigate a terrestrial-satellite multicast
beamforming cooperative system to optimize the problem of low expenses
and high capacity requirements of ground users. Different from the point-
to-point link-based terrestrial network, we design the terrestrial and satel-
lite beamforming vectors cooperatively based on the required contents of
users in order to realize more reasonable resource allocation. The satellite
and base stations provide service cooperatively for ground users within
coverage, and during transmission, both the satellite and the base stations
use the multicast beamforming technique to improve the system perfor-
mance, and the user group scheduling, resource allocation and beamform-
ing design are considered jointly. Based on this architecture, we first for-
mulate a joint optimization problem to maximize the system capacity per-
formance, and we design the beamforming vectors of the base stations and
the satellite cooperatively on the basis of user group scheduling and power
constraints. Then we extend the problem into a more realistic scene that
the link delay of satellite is larger than it of base stations, this may influ-
ence the joint optimization timeliness of condition changes. So we propose
a two phases optimization algorithm that we optimize terrestrial-satellite
system jointly in the first phase and optimize terrestrial part indepen-
dently in the second phase. The simulation results show that, the proposed
algorithm gains more than 38% of capacity improvement compared with
maximum ratio transmission (MRT) method.
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1 Introduction

In recent years, the number of smart mobile terminals shows a trend of rapid
growth, especially mobile phones and mobile tablets. The market statistics in
[1] represents that the global smart mobile phones account for 55% in all kinds
of mobile terminals, and nearly 2.75 billion people have more than one phone.
Meanwhile, other reports indicate that, with the increasing number of mobile
terminal users, the requirement of mobile service such as music, video, mobile
TV etc. develop rapidly [2]. In [2], it is estimated that, by 2019, the video service
ratio will ascend to 72% of total mobile service, which was only 55% in 2014. The
consequent situation of mobile service increment is the explosive growth of mobile
data flow. In 2014, the mobile data flow was about 2.5EB and it was predicted
to reach 24.3EB in 2019. It can be noticed that the wireless communication and
wireless service nowadays present a new trend and challenge the traditional ser-
vice techniques. On the one hand, the traditional communication is connection
centric but the developing trend of communication is content centric. Compared
with the content centric communication, the basis requirement of connection
centric communication is the connection link that the efficiency and resource
utilization ratio are low. The current communication system cannot satisfy the
demand of date traffic. On the other hand, for the content centric requirement,
the user-desired contents may be requested by many users at the same time such
as famous video clips, live sports competitions, focus news and so on. So how
to satisfy the complex content requirement and the communication link require-
ment simultaneously is the principal problem [3]. Compared with the traditional
point-to-point transmission method, the point-to-multipoint transmission using
multicast technique could provide services of the same contents for more users in
the same time without extra resource and improve the system performance and
network capacity [4]. Furthermore, under the multicast transmission condition,
how to consume the cost of power, frequency, bandwidth etc. and obtain more
communication efficiency and higher quality of service (QoS) is another focus
problem [5]. Thus, the low expenses high capability multigroup multicast beam-
forming transmission technique plays a more important role in content centric
wireless communication gradually.

In the previous literatures, the multicast beamforming technique was first
proposed in wireless communication networks in [6]. The researchers designed
an adaptive transmit antenna array to solve the multicast problem of system
performance, but they assumed the channel information of transmitter was per-
fect that ignored many constraints in actual scene. Later in [7], an optimization
problem of multicast beamforming for one group was first proposed. In this litera-
ture, beamforming design problem was considered to improve the performance of
the system. The authors proved the relations between the max-min-fair (MMF)
problem and the quality of service (QoS) problem. But the single group scene
didn’t consider the interference. The literature [8] extended the problem in [7]
to multigroup scene. The optimization problem based on the relation between
MMF problem and QoS problem was solved. In [9] the authors built a mul-
tiuser multichannel multiple-input-single-output (MISO) cognitive radio network
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model, they proposed two explicit searching algorithm based method to solve
the suboptimal channel allocation problem and obtained significant improve-
ment in achievable sum rate. But this method solved problem with dividing
it into subproblems, that might influence the result. In [10] a non-orthogonal
multiple access (NOMA) based multimedia multicast beamforming Terrestrial-
Satellite Network model was built. The users in the model was divided into
base station users and satellite users, meanwhile the satellite and the base sta-
tions were equipped with multi-antennas and could serve group users based on
their required content. This work improved the scene from ground network to
the satellite, but the division of users was simple. So, these works were mean-
ingful that brought a new area of wireless communication and improved the
performance, but they still have some small defects that could not afford the
requirement recently.

To enhance these weaknesses, two stage cooperative multicast transmission
was proposed in [11], in which the method aimed to guarantee a practical cover-
age ratio with the minimum base station power. Later, in [12], a joint beamform-
ing design problem was considered to maximize signal-to-interference plus noise
ratio in multiple multicast groups. Although these works optimized different
objective functions, the limitations were similar. Optimization goal in [11] was
limited by the power rate of base stations, and in [12] it was constrained by per-
cell power. And to make the optimization problem more realistic, the researchers
discussed better user access and more efficiency resource allocation to improve
the system ability. In [13], a three-tier heterogeneous cellular network was pro-
posed. The users were assumed to access more than one base station. However,
the paper finally solved the problem of the single base station, and optimized
user association and power allocation separately. The performance might not
be the best. Later in [14], the authors focused on a joint beamforming, user
scheduling and power allocation method. They improved the system ability in
optimizing the limitations cooperatively, but they only considered the intercell
interference. The researchers in [15] separated the operation of wireless pow-
ered communication networks into two phases that namely the wireless energy
transfer (WET) phase and wireless information transfer (WIT) phase. And in
[14], a two phases cooperative NOMA system was proposed. Based on the time
division, the users could combines the signals that received from the two phases
by using the maximal-ration combining (MRC) technology. These papers gave
new thinking that the user scheduling and resource allocation efficiency of time
division were two important concerns in improving communication ability.

Motivated by this, in this paper, we consider a downlink multicast beam-
forming terrestrial-satellite cooperative system in which satellite and base sta-
tions provide service corporately for ground users within coverage. In this model,
during the transmission, the users are divided into groups based on their require-
ment, and the system optimize the user group scheduling jointly with the
resource allocation. The satellite and the base stations are all equipped with
multi-antennas and reuse the same bandwidth, so they could provide the mul-
ticast service for ground users. We first formulate the problem to optimize the
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system capacity performance under the constraints of power allocation and user
group scheduling. Then we design the beamforming vectors and solve the opti-
mization problem by using the max-min-fair problem. Later we extend the prob-
lem into a more realistic scene that we consider the influence of the satellite and
base station link delay, in order to decrease the influence for the joint optimiza-
tion of base stations and satellite, and we propose an iterative algorithm to
improve the system capacity performance based on two optimization phases.

The rest of the paper is organized as follows. In Sect. 2, the system model
and the problem formulation are presented. In Sect. 3, the relaxation of user
group scheduling and max-min-fair function, and the Lagrange Dual Method are
adopted to solve the joint optimization problem. Finally the numerical results
and simulation results are discussed in Sect. 4 and the conclusions are presented
in Sect. 5.

2 System Model and Problem Formulation

2.1 System Model

Figure 1 shows a Terrestrial-Satellite Cooperative System model of multicast
multigroup downlink architecture. In this system a satellite and IB base stations
serve ground users cooperatively. All users are under coverage of the satellite,
and could access more than one base stations according to their requirement.
Then we divide these users into JG groups totally based on their desired contents.
Under this circumstance, the satellite not only provides the desired contents to
the users but also promotes the quality of service of the bottleneck users. In this
paper, we assume the satellite to be a low earth orbit (LEO) satellite. Further
more, we assume that each base station has AB antennas, the satellite has AS

antennas, the maximum user number is MU , the satellite and the base stations
use the same spectrum during entire transmission, so the interference appears
in different groups of one base station, different groups of different base stations
and satellite.

It is denoted that ωi,j is the beamforming vector for base station i group j,
and ‖ωi,j‖2 = PB,i,j which is the transmission power of group j in base station
i. xB,i,j is the multicast signal serving group j, and E[|xB,i,j |2] = 1. Therefore,
the transmission signal of base station i can be written as

sB,i =
JB∑

j=1

ωi,jxB,i,j (1)

For the satellite, the transmission signal can be written similarly as

sS =
JS∑

j=1

νjxS,j (2)

where νj is the beamforming vector for group j, and ‖νj‖2 = PS,j which is
the transmission power of group j. xS,j is multicast signal serving group j, and
E[|xS,j |2] = 1.
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Fig. 1. The terrestrial-satellite cooperate network.

Then the received signal of base station user K in group J of base station I
is

yI,J,K =
IB∑

i=1

hH
i,I,J,Kωi,I,JxJ + gH

I,J,KνJxJ

+
JG∑

j=1
j �=J

( IB∑

i=1

hH
i,I,J,Kωi,I,jxj + gH

I,J,Kνjxj

)
+ nI,J,K (3)

where hi,I,J,K is the channel from base station i to the user K in base station
I group J , gI,J,K is the channel from satellite to the user K in base station I
group J . ωi,I,J is the beamforming vector from base station i to group J of base
station I, and νj is the beamforming vector from satellite to group j. nI,J,K is
the AWGN noise. xj is the required multicast signal of group j that E[|xj |2] = 1.

So the SINR of user K of group J in base station I is

γI,J,K =
|∑IB

i=1 hH
i,I,J,Kωi,I,J + gH

I,J,KνJ |2
∑JG

j=1
j �=J

|∑IB
i=1 hH

i,I,J,Kωi,I,j + gH
I,J,Kνj |2 + σ2

n

(4)

Based on Shannon’s Theorem, the capacity can be calculated by

RI,J,K = log2(1 + γI,J,K) (5)

where RI,J,K is the capacity of user K in group J from base station I including
the signal from base stations, and the satellite.

Although, the user group scheduling should be considered in multicast trans-
mission. So the SINR of user K of group J in base station I could be rewritten
as

γI,J,Ku =
uJ |∑IB

i=1 hH
i,I,J,Kωi,I,J + gH

I,J,KνJ |2
∑JG

j=1
j �=J

uj |
∑IB

i=1 hH
i,I,J,Kωi,I,j + gH

I,J,Kνj |2 + σ2
n

(6)
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where the group J is served if uJ = 1, otherwise uJ = 0.
Then the capacity could be written as

RI,J,K = log2(1 + γI,J,Ku) (7)

2.2 Problem Formulation

Expression (7) gives the formulation of the capacity, but in wireless communica-
tion that the channel condition of different users relate to many reasons such as
place, time, environment, weather, and so on. So we should notice that the SINR
of each group is decided by the user who under the poorest channel condition.
Considering the power limit, we can formulate the optimization problem (OP)
as

(OP ) max
{ωj}JG

j=1,{νj}JG
j=1,u

log(1 + min
I,J,K

γI,J,Ku)

s.t. C1 : PB,I =
∑JG

j=1 uj ||ωi,I,J ||2 ≤ PB,i,I,max I ∈ [1, IB ]
C2 : PS =

∑JG

j=1 uj ||νj ||2 ≤ PS,max

C3 : uj ∈ {0, 1}, j = 1, . . . , JG

where C1 and C2 are the maximum transmission power constraints for the base
stations and the satellite, and C3 is the user group scheduling constraints.

3 Algorithm Development

We formulate the optimization problem in Sect. 2 based on the power constraints,
but the optimization problem cannot be solved directly. Firstly, the function
of the optimization problem is non-convex because of the γI,J,Ku in RI,J,K .
Secondly, the constraints C3 is a 0 − 1 variable which is non-convex. So in this
section, we first relax the optimization problem into the convex form, and then we
expand the solution into a complex scenario to improve the system performance
under the scenario that the link delay of satellite optimization is larger than it
in base station optimization.

3.1 Relaxation and Solution of the Optimization Problem (OP)

The user group scheduling factor uj = 1 when the group is under served and
uj = 0 otherwise, so combining the property of the beamforming vector ω and
ν we could say that uj = 0 if and only if ω = 0 and ν = 0. That means if the
group is under service, the beamforming vector is absolutely non-zero. This lead
to the reformulation of (OP ):

(OP ′) max
{ωj}JG

j=1,{νj}JG
j=1

log(1 + min
I,J,K

γI,J,K)

s.t. C1 : PB,I =
∑JG

j=1 ||ωi,I,J ||2 ≤ PB,i,I,max I ∈ [1, IB ]
C2 : PS =

∑JG

j=1 ||νj ||2 ≤ PS,max
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We suppose (u∗, Ω∗) and Ω∗ as the optimal solutions of the problem (OP )
and (OP ′), in which Ω∗ = [ω∗, ν∗]. So the relationship between them is

u∗ = F(Ω∗); u∗Ω∗ = Ω∗ (8)

where Fx indicates that the value of it is one if x �= 0 and zero otherwise.
Referring to [13], we could prove the relation between (OP ) and (OP ′).

Proof. Necessity part:
We assume Φ1 and Φ2 as the feasible sets of (OP ) and (OP ′). Using (8) we have

log(1 + min
I,J,K

γI,J,Ku(u∗, Ω∗)) = log(1 + min
I,J,K

γI,J,K(Ω∗))

≥ log(1 + min
I,J,K

γI,J,K(Ω)), (u∗, Ω∗) ∈ Φ1Ω
∗ ∈ Φ2

So for any (û, Ω̂) ∈ Φ1 there exists Ω̄ ∈ Φ2 that satisfies

log(1 + min
I,J,K

γI,J,Ku(û, Ω̂)) = log(1 + min
I,J,K

γI,J,K(Ω̄))

Then we obtain

log(1 + min
I,J,K

γI,J,Ku(u∗, Ω∗)) ≥ log(1 + min
I,J,K

γI,J,Ku(û, Ω̂))

Proof. Sufficiency part:
Similarly, using (8) we have

log(1 + min
I,J,K

γI,J,K(Ω∗)) = log(1 + min
I,J,K

γI,J,Ku(u∗, Ω∗))

≥ log(1 + min
I,J,K

γI,J,Ku(u,Ω))

For any Ω̄ ∈ Φ2 there exists (û, Ω̂) ∈ Φ1 that satisfies

log(1 + min
I,J,K

γI,J,K(Ω̄)) = log(1 + min
I,J,K

γI,J,Ku(û, Ω̂))

Then we obtain

log(1 + min
I,J,K

γI,J,K(Ω∗)) ≥ log(1 + min
I,J,K

γI,J,K(Ω̄))

So we know that, the Eq. (8) and the relation between (OP ) and (OP ′) are
valid.

After relaxing the user group scheduling factors, by the monotonicity of log-
arithm function referring to [6], the problem could be rewritten as

(DOP ) max
{ωj}JG

j=1,{νj}JG
j=1

min
I,J,K

γI,J,K

s.t. C1 : PB,I =
∑JG

j=1 ||ωi,I,J ||2 ≤ PB,i,I,max I ∈ [1, IB ]
C2 : PS =

∑JG

j=1 ||νj ||2 ≤ PS,max
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But according to [17] it is still non-convex, so we couldn’t solve it in a direct
and simple way. We introduce an auxiliary variable t into (DOP ), the problem
can be written as the equivalent formulation below.

(DOPt) max
{ωj}JG

j=1,{νj}JG
j=1,t

t

s.t. C1 : γI,J,K ≥ t

C2 : PB,I =
∑JG

j=1 ||ωi,I,J ||2 ≤ PB,i,I,max I ∈ [1, IB ]
C3 : PS =

∑JG

j=1 ||νj ||2 ≤ PS,max

Then we use the trace matrix |hHω|2 = tr(hhHωωH) and ||ω||2 = tr(ωωH) to
reformulate (DOPt) as follow,

(DOPX) max
{Xj}JG

j=1,t

t

s.t. C1 : t(
∑JG

j′=1
j �=j

tr(QI,J,KXj) + δ2
N ) − tr(QI,J,KXJ) ≤ 0

C2 : XJ ≥ 0 J ∈ [1, JG]
C3 : PB,I =

∑JG

j=1 tr(AB,iXj) ≤ PB,i,I,max I ∈ [1, IB ]
C4 : PS =

∑JG

j=1 tr(ASXj
) ≤ PS,max

C5 : rank(XJ ) = 1 J ∈ [1, JG]

where

Ωjoint,J =
[
ωH

1,I,J , ωH
2,I,J , . . . , ωH

IB ,I,J , νH
J

]H

, XJ =
[
Ωjoint,JΩH

joint,J

]

hjoint,I,J,K =
[
hH

1,I,J,K , . . . , hH
IB ,I,J,K , gH

I,J,K

]H

, QI,J,K = hjoint,I,J,KhH
joint,I,J,K

AB,I = Diag{ZB , ZS}, ZB = IAB×AB
, ZS = 0AS×AS

AS = Diag{ZB , ZS}, ZB = 0AB×AB
, ZS = IAS×AS

and XJ ≥ 0 means the matrix XJ is positive semi-definite. It is obviously that
if we want to optimize ω and ν, we should satisfy XJ ≥ 0 and rank(XJ ) = 1.

In (DOPX), the power constrains could be rewrite as
∑IB

i=1 PB,i + PS =∑JG

j=1 tr(Xj) ≤ ∑IB
i=1 PB,i,I,max+PS,max. It is clearly that if the power constrains

of base stations and satellite are all satisfied, the inequation above is obviously
satisfied. So we introduce another auxiliary parameter ΔP ≥ 0 and a total power
auxiliary variable PAUX into the total power constrain as

∑JG

j=1 tr(Xj) + ΔP =
PAUX . Then we can relax (DOPX) without rank-1 constrains as
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(DOPXΔP
) max

{Xj}JG
j=1,t,ΔP

t

s.t. C1 : t(
∑JG

j′=1
j �=j

tr(QI,J,KXj)+δ2
N )−tr(QI,J,KXJ )≤0

C2 : XJ ≥ 0 J ∈ [1, JG]
C3 : PB,I =

∑JG

j=1tr(AB,iXj)≤PB,i,I,max I ∈ [1, IB ]
C4 : PS =

∑JG

j=1 tr(ASXj) ≤ PS,max

C5 :
∑JG

j=1 tr(Xj) + ΔP = PAUX

C6 : ΔP ≥ 0

It is proved or quoted in [17] that if PAUX ≥ ∑IB
i=1 PB,i,I,max + PS,max, the

optimization problem (DOPXΔP
) is equal to (DOPX) because the constrains C5

and C6 in (DOPXΔP
) is invalid under this condition. In multicast beamforming

scene, references [4] and [8] considered max-min fare problem and QoS problem
are two main problems. In QoS problem, the beamforming vectors ω and ν are
optimized to minimum the total power for all served users. Same as the relaxation
above, the QoS problem can be written as

(DOPQ) min
{Xj}JG

j=1

JG∑

j=1

tr(Xj)

s.t. C1 : (
∑JG

j′=1
j �=j

tr(QI,J,KXj)+δ2
N )−tr(QI,J,KXJ)≤0

C2 : XJ ≥ 0 J ∈ [1, JG]
C3 : PB,I =

∑JG

j=1tr(AB,iXj)≤PB,i,I,max I ∈ [1, IB ]
C4 : PS =

∑JG

j=1 tr(ASXj) ≤ PS,max

Here we define DOPXΔP
(PB,i,I,max, PS,max, PAUX) to represent optimiza-

tion problem DOPXΔP
, and we know that (X∗

J , t∗,Δ∗
P ) is the solution of

the optimization problem. Same as the definition above, the QoS prob-
lem can be written as DOPQ(PB,i,I,max, PS,max), and the solution is (X∗

J ).
According to the C5 in (DOPXΔP

), the constraint could be rewritten as
DOPXΔP

(PB,i,I,max, PS,max,DOPQ(PB,i,I,max, PS,max) + Δ∗
P ), so we could

establish relationship between the relaxed problem DOPXΔP
and the relaxed

problem DOPQ as follow:

t∗ = DOPXΔP

(
PB,i,I,max, PS,max, DOPQ

(
t, PB,i,I,max, PS,max

)
+ Δ∗

P

)

PAUX − Δ∗
P = DOPQ

(
DOPXΔP

(
PB,i,I,max, PS,max, PAUX

)
, PB,i,I,max, PS,max

)

to simplify the equation, we use P to represent (PB,i,I,max, PS,max):

t∗ = DOPXΔP

(
P,DOPQ

(
t,P

)
+ Δ∗

P

)
,
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PAUX − Δ∗
P = DOPQ

(
DOPXΔP

(
P, PAUX

)
,P

)
(9)

which is proved in [16].
The optimization problem DOPQ is a standard SDP problem [7]. Previous

researchers solved standard SDP problems with SeDuMi, CVX and so on. Here
we choose SeDuMi [18] to calculate the SDP function. From [7] we know that,
since DOPXΔP

and DOPQ are monotonically nondecreasing in t and PAUX ,
optimization problem DOPXΔP

could be solved based on the relation in Eq. (9).
So we can use the bisection search over t with given P as follow:

Initialize: [tL, tU ], end condition ε
Step 1: Set t = tL+tU

2 , solve the opitmization
problem DOPQ(t, PB,i,I,J , PS,I,J).

Step 2: If problem DOPQ(t, PB,i,I,J , PS,I,J)
is infeasible, or the optimum solution
is greater than PAUX , set tU = t;
otherwise tL = t.

Step 3: If |tU − tL| ≤ ε, terminate. If not, repeat
previous steps.

First, we set two initial values tL and tU that the solution of t = DOPXΔP

(PB,i,I,max, PS,max, PAUX) is located in [tL, tU ]. Then, let t = tL+tU
2 and try to

solve the optimization problem DOPQ(PB,i,I,max, PS,max) with SeDuMi function
tools. Next, if problem DOPQ(PB,i,I,max, PS,max) is infeasible, or the optimum
solution is greater than PAUX , set tU = t; if not, set tL = t. Finally, if |tU −tL| ≤
ε, terminate the repetition and output the calculation results. If not, repeat
previous steps until satisfying the end conditions.

As for the values of tL and tU , because of the physical meaning of the opti-
mization problem, the lower bound tL = 0 is obviously. By analysing the problem
t = DOPXΔP

, we could find that when the system only serves one user in one
group, the interference is zero and the t reaches tU . Under this condition, the
optimization problem could be written as

max
{ωj}JG

j=1,{νj}JG
j=1

|hH
joint,I,J,KΩjoint,J |2

δ2
(10)

which we consider the only served user is uI,J,K . Then we use the Cauchy-
Schwartz inequality, the optimal beamforming vector could be written as

Ωjoint,J =
√

PAUX
hjoint,I,I,K

||hjoint,I,I,K || (11)

so the SINR γI,J,K equal to PAUX ||hjoint,I,I,K ||2
δ2 . The only one user uI,J,K condi-

tion could be extend to more users condition, then the SINR could be written
as

min
I,J,K

PAUX ||hjoint,I,I,K ||2
δ2

(12)
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and it equals to the upper bound tU . By confirming the lower bound and upper
bound tL and tU , we could calculate the optimal solution with a small enough ε.

After calculating the optimization problem DOPXΔP
and DOPQ, we notice

that these two problems are constrain-relaxed. To ensure the beamforming vec-
tors ω and ν are existent and the solution of XJ is valid, we constraint XJ as a
positive semi-definite matrix and rank(XJ ) = 1. But in problem DOPXΔP

and
DOPQ, we drop the rank-1 constraint and relaxed them, it means that when
we optimize DOPXΔP

and DOPQ, the result cannot always satisfy the con-
straint of rank-1. Previous researchers discussed these questions in [19]. They
found that the Gaussian randomization method could give the highest accu-
racy in multicast beamforming system conditions [20]. In this case, we generate
candidate beamforming vectors and choose the best performance beamforming
vectors to solve the relaxed optimization problem. We know from [19] that we
can generate a Gaussian random vector μ with zero-mean and unit-variance,
which μ ∼ CN(0, I). So based on the solution XJ , we perform the eigenvalue
decomposition that XJ = UJΣJUH

J . For the beamforming vector, assumed in

group J, can be calculated by Ωjoint,J = UJΣ
1
2
J μJ , where μJ ∼ CN(0, I) and

E[Ωjoint,JΩH
joint,J ] = XJ . But we should notice, when we choose the best per-

formance beamforming vector for the optimization problem, the corresponding
power constraints should be adjusted. Because not all the original power con-
straints satisfy the new method and there may exist some original available
power constraints unused. To solve this question, we introduce a new optimal
power scaling factor pF into total power constraints. Accordingly, the original
optimization problem DOPXΔP

and DOPQ could be reformulated as following:

(DOPpF
) max

{pF,j}JG
j=1,t,ΔP

t

s.t. C1 : t ≤ pF,j | ∑IB
i=1 hH

i,I,J,Kωi,I,J+gH
I,J,KνJ |2

∑JG
j=1
j �=J

pF,j | ∑IB
i=1 hH

i,I,J,Kωi,I,J+gH
I,J,KνJ |2+σ2

N

C2 : PB,I =
∑NG

j=1 pF,j ||ωi,I,J ||2 ≤ PB,i,I,max I ∈ [1, IB ]
C3 : PS =

∑JG

j=1 pF,j ||νj ||2 ≤ PS,max

C4 :
∑JG

j=1 pF,j ||Ωjoint,j ||2 + ΔP = PAUX

C5 : pF,J ≥ 0 J ∈ [1, JG]

Then, the optimization problem DOPQ could be reformulated as

(DOPQF
) min

{pF,j}JG
j=1

JG∑

j=1

pF,j ||Ωjoint,j ||2

s.t. C1 :
∑JG

j=1
j �=J

pF,j |
∑IB

i=1 hH
i,I,J,Kωi,I,J + gH

I,J,KνJ |2 + σ2
N

≤ pF,j |
∑IB

i=1 hH
i,I,J,Kωi,I,J + gH

I,J,KνJ |2
C2 : PB,I =

∑NG

j=1 pF,j ||ωi,I,J ||2 ≤ PB,i,I,max I ∈ [1, IB ]
C3 : PS =

∑JG

j=1 pF,j ||νj ||2 ≤ PS,max

C4 : pF,J ≥ 0 J ∈ [1, JG]
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Same as the relation of (9), we have

t∗ = DOPpF

(
P,DOPQF

(
t,P

)
+ Δ∗

P

)
,

PAUX − Δ∗
P = DOPQF

(
DOPpF

(
P, PAUX

)
,P

)
(13)

which the constraint C1 in DOPpF
is nonconvex, so we cannot solve the

optimization problem DOPpF
directly. Observing the optimization problem

DOPQF
, we know that it is a standard linear formulation. So we could

refer the method above to solve the optimization problem using the relation
between DOPpF

and DOPQF
. Similarly, the optimal beamforming vector is

pF,JΩjoint,J and the upper bound of optimum solution tU could be calculate
as min

I,J,K

PAUX ||hjoint,I,I,K ||2
δ2 . Finally, we summarize the optimization algorithm as

Algorithm 1.

Algorithm 1. Joint Terrestrial-Satellite Beamforming Design Algorithm
1: Initialization: [tL, tU ], end condition ε.
2: while |tU − tL| ≥ ε do
3: Set t = tL+tU

2
and solve the optimization problem DOPQF (P).

4: if DOPQF (P) infeasible or DOPQF (P) ≥ PAUX then
5: set tU = t
6: else
7: set tL = t

8: End If
9: End While

10: Generate candidate beamforming vectors and choose the best performance beam-
forming vector to solve the optimization problem DOPpF .

3.2 Expand Power Optimization of Base Stations

In the last subsection, we relax the (OP) into convex form and solve it. But in the
actual scene, we cannot always optimize the base stations and satellite jointly.
Because the link delay of satellite is much larger than that of base stations, when
the channel condition or the requirement of users change, the optimization of
base stations could match it in time but the satellite may not. That means joint
optimization of satellite and base stations might not always match up to the
changes. Considering this, we divide the optimization of transmission into two
phases. The joint optimization of satellite and base stations is in the first phase,
and in the second phase we optimize the power of base stations to better satisfy
the need of users.
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The first phase is illustrate in the last subsection. We notice that ω = ω0P
where ||ω0|| = 1, so we could rewrite the extend optimization problem (EP) as

(EP )max
PB,I

min
I,J,K

γI,J,K

s.t. C1 : PB,I =
∑NG

j=1 ||ωi,I,J0

√
PB,i,I,J ||2 ≤ PB,i,I,max I ∈ [1, IB ]

in which ωi,I,J0

√
PB,i,I,J = ωi,I,J . Same as the method before, we can get:

(EPt) max
PB,I ,t

t

s.t. C1 : γI,J,K ≥ t

C2 : PB,I =
∑NG

j=1 ||ωi,I,J0

√
PB,i,I,J ||2 ≤ PB,i,I,max I ∈ [1, IB ]

To solve this problem, we use the Lagrange Dual Method to transmit (EPt)
into the dual problem. Then the Lagrange function of the (EPt) is:

L(PB,I , t, η) = t−η1(t−γI,J,K)−η2(
NG∑

j=1

||ωi,I,J0

√
PB,i,I,J ||2 −PB,i,I,max) (14)

the dual function is
θ(η) = supL(PB,I , t, η) (15)

Then the corresponding dual optimization of (EPt) is

(EPDUAL)min θ(η)

s.t. C1 : ηl ≥ 0 l = {1, 2}
C2 :

∑
l={1,2} ηl = 1

The optimal solutions must satisfy the Karush-Kuhn-Tucher (KKT) condi-
tion, we have

∂L
∂PB,I

= 0 (16)

So, the optimal solution of base station transmission power allocation could be
calculated as

PB,i,I,J =
( 4(1 − η1)

∑IB
i=1 hH

i,I,J,Kωi,I,J0g
H
I,J,KνJ

2η2

∑JG
j=1
j �=J

|I|2 − 4(1 − η1)
∑IB

i=1 hH
i,I,J,K

2
ω2

i,I,J0

)2

(17)

where I =
∑IB

i=1 hH
i,I,J,Kωi,I,j + gH

I,J,Kνj .
Then we put the optimal solution into the dual problem (EPDUAL), and use

the subgradient method to update the Lagrange multipliers iteratively.

η1[t + 1] = max
{

η1[t] − δη1 [t + 1]
(
t − γI,J,K

)
, 0

}
(18)
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η2[t+2] = max
{

η2[t]−δη2 [t+1]
( NG∑

j=1

||ωi,I,J0

√
PB,i,I,J ||2−PB,i,I,max

)
, 0

}
(19)

where we denote t as the iteration step, and δ is the step length
for the iteration. So we obtain all the factors we need. And the
expand power optimization of base stations algorithm is exhibited below.
Initialize: ηl[0], l = 1, 2
Repeat: 1. Update SINR according to (4)

2. For I = [1, IB ], J = [1, JG], update PB,i,I,J according to (17)
3. Update ηl according to (18) and (19)
4. If PB,I converge, end.

So the complete joint optimization algorithm of phase division under the
consideration of link delay is described in Algorithm2.

Algorithm 2. Phase Division Joint Optimization Algorithm
1: Initialize:ηl[0], l = 1, 2
2: Design the beamforming vectors according to Algorithm 1
3: while PB,I converge do
4: Update SINR according to (4)
5: for I =1 to IB do
6: for J =1 to JG do
7: Update PB,i,I,J according to (17)

8: End For
9: End For

10: Update ηl according to (18) and (19)
11: t = t + 1

12: End While

4 Performance Evaluation

In this section, we use the MATLAB software to simulate and evaluate the
proposed algorithm and then present the result. The proposed system model is
a downlink communication network that the satellite, base stations and ground
mobile terminals work cooperatively. The satellite is a LEO with 1000 km from
the ground, the maximum power is 40 W, and the carrier frequency is set as
2 GHz, the AWGN power σn is set as −134 dBm. The maximum constraint power
of the base stations PB,i,I,max is set as 43 dBm. The gain of mobile terminal is
0 dbi. The transmission gain of the satellite and the base station are 50 dBi and
18 dBi. The terrestrial channel is set as Rayleigh channel, the satellite channel
is set as Rician channel.

Figures 2, 3 and 4 shows the influence of base station number, group size and
group number. The blue lines in these figures represent the optimal capacity of
Algorithm 1, the purple lines represent the capacity that only served by the base
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Fig. 2. Influence of base station number on optimal capacity. (Color figure online)

stations, the red lines represent the capacity that only served by the satellite,
and the black lines are the sum capacity of base stations and satellite.

In Fig. 2, we set AB = 2, AS = 5, MU = 5 and JG = 2. We could observe from
Fig. 2 that when the base station number rises, the optimal capacity decreases.
When there is only one base station, the capacity of blue line is about 2.9 times
to the purple line and about 2.3 times to the black line. When the number of
base station comes to 10, the capacity of blue line declines to 150% of the black
line. This is because when the number of base station increases, the interference
between base stations has a greater impact on the SINR and capacity, but the
positive effect of the Algorithm 1 is notable.

In Fig. 3 we set AB = 2, AS = 5, IB = 2 and JG = 2. And in Fig. 4 we
set AB = 2, AS = 5, IB = 2 and MU = 5. It is obviously that the speed of
decrease of the capacity in Fig. 3 is much slower than it in Fig. 4. That means
the influence of the interference that brought by the group number is greater
than by the group size. In Fig. 3 the capacity of algorithm 1 nearly keeps the 60%
increment to the capacity in black line, so we find that the group size influence
the capacity but play a minor role in our proposed algorithm. In Fig. 4 when the
group number raises from 1 to 3, not only the cooperative capacity decreases
about 77%, but also the capacity of purple line and red line decrease very fast.
Combining the Figs. 2, 3 and 4, the problem that how to design the number of
base station, the group size and group number according to the requirement of
users is a complex but important question. But it is beyond the scope of this
paper.
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Fig. 3. Influence of group size on optimal capacity. (Color figure online)
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Fig. 4. Influence of group number on optimal capacity. (Color figure online)
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Fig. 5. Compare of Algorithms 1 and 2 and other method. (Color figure online)

In Fig. 5 we compare the capacity of Algorithms 1 and 2 and other method in
[21] that the beamforming vectors is calculated by maximum ratio transmission
(MRT). We set AB = 2, AS = 5, MU = 5 and JG = 2. And we divide the
program into two phases that the user condition in the second phase is different
from the first phase. This simulate the real scene that the link delay of satellite
is larger than it of base station, so the optimization of satellite may not catch
up with the change of users. So in the first phase we design the beamforming
vectors of base stations and satellite jointly, in second phase we optimize the
capacity under the power constraints of base stations only. The results show
that when the number of base station is 1 and 2, the capacity increment of
algorithm 2 is 41% and 37% compared with Algorithm 1. When the number
of base station gets higher, the percent of capacity keeps nearly 15%. Because
when the interference is not very complex with a small base station number,
the improvement in the second phase play an important role in optimization.
As the number of base station raises, the influences of interference get higher,
the improvement of second phase optimization decreases but still important.
The purple line in Fig. 5 is the MRT method that we could find that, our joint
optimization algorithm of beamforming design effect the capacity of system more
markable than MRT. And the simulation results show that when the base station
number is 1, 2 or bigger than 7, the improvement of blue line is about 29%, but
when the number is 6, the capacity improvement of Algorithm1 is 38%. And the
improvement of Algorithm 2 is about 60% compared with MRT method. So the
suitable base station number could improve the capacity markable.
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5 Conclusion

In this paper, we proposed a multicast beamforming terrestrial-satellite coopera-
tion system, in which satellite and base stations provide service cooperatively for
ground users. By formulating and solving optimization problem under the con-
straints of user group scheduling, resource allocation and beamforming design,
we improved the system capacity performance. When the scene is more realis-
tic, we optimized the problem in two phases that we designed the beamforming
vectors of base station and satellite jointly in the first phase, obtained the power
allocation result in the second phase because of the optimization link delay of
satellite is larger than it of base station. The simulation results showed that,
comparing with other methods, the proposed algorithm in this paper was better
in performance especially when the factors such as base station number, group
size and group number were suitable for the hole system. The proposed algo-
rithm of beamforming design, optimization of resource allocation and user group
scheduling in this paper gained more than 38% of capacity improvement.
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