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Abstract

We investigate the non-orthogonal multicast and unicast

beamforming for multi-beam satellite communications and

focus on the spectral efficiency and energy efficiency trade-

off. First of all, the approximate ergodic rate and semidef-

inite relaxation are adopted to simplify the problem for-

mulation. Then, a nested iterative algorithm applying the

majorization-minimization method and quadratic transfor-

mation is proposed. Numerical results illustrate the perfor-

mance of the proposed algorithm.

1 Introduction

In 5G and beyond communications, joint multicast and u-

nicast transmission has attracted some research concerns

[1]. The conventional orthogonal multicast and unicast (O-

MU) scheme, where the multicast and unicast signals are

assigned to different time-frequency resources, is not ef-

ficient in spectrum utilization. Therefore, we investigate

non-orthogonal multicast and unicast (NOMU) beamform-

ing design where the multicast and unicast signals are trans-

mitted using the same time-frequency resources. On the

other hand, the improved spectral efficiency (SE) leads to

an increase in energy consumption, which might lead to re-

duced energy efficiency (EE). However, EE is also an im-

portant performance indicator in satellite communications

(SATCOM). Hence striking a tradeoff between SE and EE

is crucial for beamforming design in SATCOM.

Inspired by the considerations mentioned above, we study

the non-trivial SE and EE tradeoff for NOMU beamform-

ing in multi-beam SATCOM. Aimed at jointly optimizing

the system SE and EE, we apply the resource efficiency

(RE) metric, defined as the weighted sum of SE and EE [2].

Besides, the expectation-based robust approach is consid-

ered since the long propagation delay in SATCOM makes

the accurate channel state information (CSI) hard to obtain.

Specifically, we aim to maximize the system RE under the

total power and quality of service (QoS) constraints. The

challenges lie in the expectation operations and the sum-

of-ratios fractional programming. We first adopt the ap-

proximate ergodic rate, which admits a closed form. Then,

the semidefinite relaxation (SDR) is applied to simplify

the problem. Furthermore, a nested iterative algorithm ap-

plying the majorization-minimization (MM) method and

quadratic transformation is proposed to simplify the non-

convex problem. In addition, the eigenvalue decomposition

is used to obtain the beamforming vectors. Simulation re-

sults verify the performance of the proposed algorithm for

NOMU transmission in SATCOM.

2 System Model and Problem Formulation

Consider the downlink of the multi-beam SATCOM sys-

tem, where the satellite simultaneously transmits unicas-

t and multicast signals to multiple single-antenna users.

There are Nt beams and a total of K = Nt multicast group-

s, i.e., one multicast group per beam. Let K = {1, . . . ,K}
represent the set of indices for all groups. We denote the

set of indices for users belonging to the kth multicast group

as Uk where k ∈ K . Every user only belongs to one mul-

ticast group, which can be mathematically represented as

Uk ∩U� = ∅,∀k, � ∈ K , k �= �. The number of users in

group k is denoted as Nk. The downlink transmit signal can

be denoted as s = ∑K
k=1 sm

k +∑K
k=1 ∑i∈Uk

su
k,i where sm

k ∈ C

and su
k,i ∈C represent the normalized multicasting informa-

tion intended for all users in group k and unicasting infor-

mation for user i belonging to group k, respectively.

The receiving signal of user i in group k can be denoted as

yk,i =

desired multicast signal︷ ︸︸ ︷
hH

i wm
k sm

k +

desired unicast signal︷ ︸︸ ︷
hH

i wu
k,is

u
k,i

+

inter-group interference︷ ︸︸ ︷
∑
��=k

hH
i wm

� sm
� +

inter-user interference︷ ︸︸ ︷
K

∑
�=1

∑
j∈U�,

(�, j)�=(k,i)

hH
i wu

�, js
u
�, j +ni, (1)

where hi ∈ C
Nt×1 denotes the channel vector in the beam

domain from the satellite to user i, wm
k ∈ C

Nt×1 and wu
k,i ∈

C
Nt×1 are the multicast and unicast beamforming vectors

for group k and user i in group k, respectively, and ni is the

additive white Gaussian noise with variance N0.

The downlink channel vector hi in (1) is modeled as [3]

hi =
√

ψib
1
2
i � r

1
2
i � exp{ıθθθ i}, (2)

where ψi denotes the scale parameter, bi is the far-field

beam gain vector, ri represents the rain fading coefficient

vector, and θθθ i = [θi,1,θi,2, . . . ,θi,Nt ]
T is the channel phase



whose elements are independently and uniformly distribut-

ed between 0 and 2π [4]. Note that the channel ampli-

tude is determined by some constant coefficients over the

coherence time interval, and then can be considered time-

invariant. However, the channel phase consists of a series

of time-varying components such as the tropospheric fad-

ing and different local oscillators onboard the satellite, and

then is considered to be time-variant.

The channel phase uncertainty is studied in the follow-

ing. The user i estimates the channel vector at time t0
and then feeds back to the satellite. After the long prop-

agation and processing delays, the estimated CSI is used

at time t1. Therefore, the channel phase model of us-

er i at time t1 is denoted as θθθ i(t1) = θθθ i(t0) + ei, where

ei = [ei,1,ei,2, . . .ei,Nt ]
T is the channel phase error with the

distribution of ei ∼ N (0,σ2
i I). The estimated channel at

time t0 and the actual channel at time t1 are indicated as ĥi
and hi, respectively. Then, the actual channel can be mod-

eled as hi = ĥi �qi = diag(ĥi)qi, where qi � exp{ıei} [5].

The correlation matrix of qi is denoted as Ai = E{qiqH
i },

whose elements can be easily obtained [6]. Note that the

values of matrix Ai are relatively fixed compared with the

channel phase error, which is a random variable.

Successive interference cancellation (SIC) is used at the

users, i.e., each user successively decodes its desired sig-

nals and other signals are regarded as interference at the

same time [1]. Due to the higher priority of the multicas-

t signal in this work, we suppose that each user decodes

the multicast signal first, which is subtracted from the re-

ceived signal, and then decodes the unicast signal. Hence,

the multicast SINR and unicast SINR of user i in group k
can be indicated as

SINRm
k,i � ∣∣(wm

k )
Hhi

∣∣2
∑� �=k

∣∣(wm
� )

Hhi
∣∣2 +∑K

�=1 ∑ j∈U�

∣∣∣(wu
�, j)

Hhi

∣∣∣2 +N0

, (3)

and

SINRu
k,i � ∣∣∣(wu

k,i)
Hhi

∣∣∣2
∑��=k

∣∣(wm
� )

Hhi
∣∣2 +∑K

�=1 ∑ j∈U�,
(�, j)�=(k,i)

∣∣∣(wu
�, j)

Hhi

∣∣∣2 +N0

.

(4)

We consider the expectation-based robust beamforming de-

sign due to the infeasibility to get the accurate channel

vector. The ergodic multicast and unicast rates of user

i in group k are given by Rm
k,i � E

{
log2

(
1+SINRm

k,i

)}
and Ru

k,i � E

{
log2

(
1+SINRu

k,i

)}
, respectively. Then,

the achievable multicast rate of group k is indicated as

Rm
k � mini∈Uk Rm

k,i.

The system SE is defined as the weighted sum of unicast

rate for all users and multicast rate for all groups as follows

SE � η
K

∑
k=1

Rm
k +(1−η)

K

∑
k=1

∑
i∈Uk

Ru
k,i (bits/s/Hz) , (5)

where η ∈ [0,1] denotes a weighting factor. Considering

the limitations of energy consumption in satellite commu-

nications, the EE has become a key performance metric

in the design of transmission schemes, which is defined

as the ratio of the sum rate, i.e., SE, to the total pow-

er consumption. Then the system EE can be denoted as

EE � B SE
Ptot

(bits/Joule)ïijŇ where B is the system band-

width, and Ptot � ξ
(

∑K
k=1 ‖wm

k ‖2
2 +∑K

k=1 ∑i∈Uk
‖wu

k,i‖2
2

)
+

∑K
k=1 Nk (Pc,UE +P0,UE)+NtPc,SAT +P0,SAT is the total pow-

er consumption at the transmitter. In the power consump-

tion model, ξ ≥ 1 is a constant denoting the power amplifi-

er inefficiency, Pc,UE and Pc,SAT denote the constant circuit

power consumption per antenna at terrestrial user and satel-

lite, respectively, P0,UE and P0,SAT represent the basic power

consumed at each user and the satellite, respectively, which

are independent of the number of antennas. We denote the

constant circuit power as Pcon = ∑K
k=1 Nk (Pc,UE +P0,UE)+

NtPc,SAT + P0,SAT for brevity. Since the power consump-

tion at the satellite is restricted, we have the transmit power

constraint ∑K
k=1 ‖wm

k ‖2
2+∑K

k=1 ∑i∈Uk
‖wu

k,i‖2
2 ≤ Pmax, where

Pmax denotes the transmit power threshold.

In this work, we aim to achieve the SE and EE optimization

jointly by adopting the RE metric [2], which is defined as

the weighted sum of the EE and SE given by

RE = EE+β
B

Psum
SE (bits/Joule) , (6)

where β is a weighting factor, B/Psum is used to unify the

units of two items in (6), and Psum = ξ Pmax +Pcon denotes

the power threshold at the satellite. It can be observed that

the SE-EE tradeoff can be achieved by varying β .

Our target is to maximize the system RE under the QoS and

the total power constraints, which can be formulated as

R1 : max
w

RE

s.t.
K

∑
k=1

‖wm
k ‖2

2 +
K

∑
k=1

∑
i∈Uk

‖wu
k,i‖2

2 ≤ Pmax,

E
{

SINRm
k,i
}≥ γm

k,i,∀i ∈ Uk,k ∈ K ,

E
{

SINRu
k,i
}≥ γu

k,i,∀i ∈ Uk,k ∈ K , (7)

where w �
{

wm
k ,{wu

k,i}i∈Uk

}K

k=1
, γm

k,i and γu
k,i represent the

target ergodic multicast and unicast SINRs of user i in

group k, respectively. Via changing β , we can get different

SE-EE Pareto optimal solutions which constitute the SE-EE

tradeoff curve.

3 Robust Resource Efficiency Maximization

In this section, we investigate the RE maximization in NO-

MU satellite system. Note that the constant coefficient B in



the objective function of problem R1 can be omitted in the

following derivation procedure without loss of generality.

Since the ergodic rates and SINRs do not admit closed-form

expressions, we first invoke an approximate function Rm
k,i of

the ergodic multicast rate as follows [7]

Rm
k,i ≈ Rm

k,i � log2

(
1+

E

{∣∣(wm
k )

Hhi
∣∣2}

E

{
∑��=k

∣∣(wm
� )

Hhi
∣∣2 +∑K

�=1 ∑ j∈U�

∣∣∣(wu
�, j)

Hhi

∣∣∣2 +N0

})
.

(8)

The approximated function Ru
k,i of the ergodic unicast rate

and SINR can be acquired in a similar manner.

To make problem R1 more tractable, we adopt the

SDR approach and then transform the optimiza-

tion variables wu
k,i and wm

k into Wu
k,i � wu

k,i(w
u
k,i)

H

and Wm
k � wm

k (w
m
k )

H , respectively. Then the ap-

proximate multicast rate in (8) can be rewritten as

Rm
k,i = log2

(
1+

Tr(XiWm
k )

∑� �=k Tr(XiWm
� )+∑K

�=1 ∑ j∈U�
Tr(XiWu

�, j)+N0

)
,

where Xi = E{hihH
i } = diag(ĥi)E{qiqH

i }diag(ĥH
i ) =

diag(ĥi)Aidiag(ĥH
i ) denotes the long term channel correla-

tion matrix. Introducing some auxiliary variables {tk}K
k=1,

where tk is the lower bound of Rm
k,i for all i ∈ Uk, and

denoting W �
{

Wm
k ,{Wu

k,i}i∈Uk

}K

k=1
to make the notation

more concise, problem R1 can be recast as

R2 : max
W,{tk}K

k=1

(
1

Ptot (W)
+

β
Psum

)(
η

K

∑
k=1

tk

+(1−η)
K

∑
k=1

∑
i∈Uk

log2

gm
k (W)

gu
k,i (W)

)
(9a)

s.t. log2

fk,i (W)

gm
k (W)

≥ tk, ∀i ∈ Uk, k ∈ K , (9b)

K

∑
k=1

Tr(Wm
k )+

K

∑
k=1

∑
i∈Uk

Tr
(
Wu

k,i
)≤ Pmax,

(9c)

Tr(XiWm
k )≥ γm

k,ig
m
k (W) ,∀i ∈ Uk,k ∈ K ,

(9d)

Tr(XiWu
k,i)≥ γu

k,ig
u
k,i (W) ,∀i ∈ Uk,k ∈ K ,

(9e)

Wm
k 
 0, ∀k ∈ K , (9f)

Wu
k,i 
 0, ∀i ∈ Uk,k ∈ K , (9g)

where

Ptot(W) = ξ

(
K

∑
k=1

Tr(Wm
k )+

K

∑
k=1

∑
i∈Uk

Tr
(
Wu

k,i
))

+Pcon,

gm
k (W) = ∑

� �=k
Tr(XiWm

� )+
K

∑
�=1

∑
j∈U�

Tr(XiWu
�, j)+N0,

gu
k,i (W) = ∑

� �=k
Tr(XiWm

� )+
K

∑
�=1

∑
j∈U�,

(�, j)�=(k,i)

Tr(XiWu
�, j)+N0,

fk,i (W) =
K

∑
k=1

Tr(XiWm
k )+

K

∑
�=1

∑
j∈U�

Tr(XiWu
�, j)+N0.

(10)

Note that the non-convex constraints rank(Wm
k ) = 1 and

rank(Wu
k,i) = 1 are relaxed in problem R2.

Next, we apply the MM algorithm to tackle the nonconvex

functions in (9a) and (9b). Then, the quadratic transforma-

tion method is adopted to transform the sum-of-ratios frac-

tional programming into a series of concave problems [8].

After applying the nested algorithm, the objective function

(9a) can be equivalent to

η
K

∑
k=1

(
2xk,(τ)

√
tk − x2

k,(τ)Ptot (W)
)

+(1−η)
K

∑
k=1

∑
i∈Uk

(
2yk,i,(τ)

√
Gk,i(W)− y2

k,i,(τ)Ptot (W)

)

+
β

Psum

(
η

K

∑
k=1

tk +(1−η)
K

∑
k=1

∑
i∈Uk

Gk,i(W)

)
, (11)

where

Gk,i(W) =log2 (g
m
k (W))−

(
log2

(
gu

k,i

(
W(λ )

))

+Tr

(
Xi

gu
k,i

(
W(λ )

)
ln2

(
∑
� �=k

(
Wm

� −Wm,(λ )
�

)

+
K

∑
�=1

∑
j∈U�,

(�, j)�=(k,i)

(
Wu

�, j −Wu,(λ )
�, j

))))
, (12)

W(λ ) �
{

Wm,(λ )
k ,{Wu,(λ )

k,i }i∈Uk

}K

k=1
, and λ is the out-

er MM iteration index. Moreover,
{

xk,(τ)
}K

k=1
and{{

yk,i,(τ)
}

i∈Uk

}K

k=1
are the auxiliary variables which we it-

eratively update to optimize the original variables W and

{tk}K
k=1. For fixed W(τ) and tk,(τ), the optimal xk,(τ) and

yk,i,(τ) can be found in closed forms as xk,(τ) =

√
tk,(τ)

Ptot(W(τ))

and yk,i,(τ) =

√
Gk,i(W(τ))

Ptot(W(τ))
, respectively, where W(τ) �{

Wm
k,(τ),{Wu

k,i,(τ)}i∈Uk

}K

k=1
, and τ denotes the inner iter-

ation index. Finally, the eigenvalue decomposition is in-

voked to acquire the corresponding multicast beamformers

wm
k
∗ and unicast beamformers wu

k,i
∗ from the solutions Wm

k
∗

and Wu
k,i

∗, respectively.

4 Numerical Results

Numerical results are presented in this section to illustrate

the performance of the proposed algorithm. The channel
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Figure 1. Comparison between the exact and approximate

ergodic multicast-unicast rate region with NOMU and O-

MU transmission (Pmax = 52 dBm, β = 0.5).
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Figure 2. Comparison of SE-EE tradeoff curve between

the robust and conventional approach (Pmax = 52 dBm, η =
0.8).

model and relevant parameters are the same as [6]. Assume

that the variances of the channel phase errors are identi-

cal for all users, i.e., σ2
i = σ2. Without loss of generality,

the multicast and unicast SINR constraints are set to be i-

dentical, i.e., γm
k,i = γu

k,i = γth = 0.1,∀i ∈ Uk,∀k ∈ K . The

number of users in group Uk is set to Nk = 5,∀k, and that of

beams is set to Nt = 7. The power amplifier inefficiency is

set to ξ = 2. The power parameters in the power consump-

tion model are set as Pc,UE = 23 dBm, P0,UE = 23 dBm,

Pc,SAT = 30 dBm, and P0,SAT = 40 dBm.

The exact and approximate ergodic multicast-unicast rate

region with NOMU and OMU transmission is compared in

Fig. 1. We can observe that the gap between the exact and

approximate rate is negligible, which illustrates the tight-

ness of the adopted approximate function. In addition, com-

pared with conventional OMU transmission, NOMU trans-

mission has an apparent performance gain.

The comparison of the SE-EE tradeoff curve between the

robust and conventional approach is depicted in Fig. 2.

The estimated channel is used as the actual channel in the

conventional approach which does not consider the chan-

nel phase error. The numerical results demonstrate that the

proposed robust approach has a performance gain over the

conventional one. And the gain increases as the phase error

increases. Moreover, it can be observed that the balance be-

tween SE and EE can be obtained by adjusting β with the

proposed algorithm.

5 Conclusion

In this work, we studied the robust RE optimization for NO-

MU beamforming in SATCOM with the total power and

QoS constraints. We first adopted the approximate ergodic

rate expressions and SDR method. Then the MM method

and quadratic transformation were invoked to deal with the

sum-of-ratios fractional programming and non-convex con-

straints. We indicated the performance gain of the NOMU

transmission over the conventional baseline.
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