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Abstract— In this paper, we investigate secrecy-energy efficient
hybrid beamforming (BF) schemes for a satellite-terrestrial
integrated network, wherein a multibeam satellite system shares
the millimeter wave spectrum with a cellular system. Under the
assumption of imperfect angles of departure for the wiretap
channels, the hybrid beamformer at the base station and digital
beamformers at the satellite are jointly designed to maximize
the achievable secrecy-energy efficiency, while satisfying signal-
to-interference-plus-noise ratio constraints of both the earth
stations (ESs) and cellular users. Since the formulated opti-
mization problem is nonconvex and mathematically intractable,
we propose two robust BF schemes to obtain approximate
solutions with low complexity. Specifically, for the case of a single
ES, we integrate the Charnes-Cooper approach with an iterative
search algorithm to convert the original nonconvex problem into
a solvable one and obtain the BF weight vectors. In the case of
multiple ESs, by exploiting the sequential convex approximation
method, we convert the original problem into a linear one with
multiple matrix inequalities and second-order cone constraints,
for which we obtain a solution with satisfactory performance. The
effectiveness and superiority of the proposed robust BF design
schemes are validated via simulations using realistic satellite and
terrestrial downlink channel models.

Index Terms— Hybrid analog-digital beamforming, robust
design, satellite-terrestrial integrated network, secrecy-energy
efficiency.
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I. INTRODUCTION

IN RECENT years, terrestrial cellular networks have expe-
rienced explosive growth in wireless data traffic. With the

proliferation of computation-intensive applications and smart
user terminals, it is predicted that mobile data traffic will
further expand by about 1000 times in the next decade [1].
Nevertheless, it will be difficult to provide the required mobile
data services in remote areas due to the economic efficiency.
As a complementary technology, satellite communications can
overcome long distances and inhospitable terrains, provide
wide coverage and achieve high data rate transmission in
areas where traditional wireless infrastructure cannot be easily
deployed [2]–[4]. To exploit the advantages of both terrestrial
and satellite networks, the framework of satellite-terrestrial
integrated networks (STIN) has been proposed for future wire-
less communication networks [5]–[7]. Indeed, by optimizing
the utilization of wireless resources of both types of networks,
this framework can enable more efficient transmission while
providing flexibility in terms of user access.

Owing to the broadcast nature of wireless communications,
the secure transmission of confidential information in STIN
remains a serious issue. Traditionally, secure communications
have been guaranteed by cryptographic techniques at upper
layers of the protocol stack based on the assumption of
limited computational capabilities of eavesdroppers, which
is now being challenged. By exploiting properties of the
wireless channels along with advanced signal processing tech-
niques, communications can also be secured at the physical
layer, which has attracted substantial research interests in
recent years [8]–[10]. Transmit beamforming (BF), which can
enhance received signal quality at the intended recipient while
suppressing signal leakage to unintended users, and artificial
jamming, which can add artificial noise at the eavesdropper
without affecting the legitimate channel, have been widely
studied as effective methods to realize secure communications
in wireless networks [11]–[13]. However, artificial jamming
is not suitable for satellite transmissions due to the long
distance between the satellite and ground users, which leads
to a wide coverage area on the earth surface and makes
it difficult to precisely distinguish between the legitimate
users and eavesdroppers. Alternatively, cooperative jamming
from terrestrial networks has been studied as a means to
enhance security of satellite communications in STIN, as first
introduced in [14]. The authors in [15] considered a more
general scenario with multiple eavesdroppers and investigated
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a joint BF scheme to minimize the transmit power under
secrecy constraints. By combining STIN with non-orthogonal
multiple access, a joint BF and power allocation approach was
introduced to solve the sum rate maximization problem in [16].

Besides, due to the huge energy consumption of base
stations and especially the radio access subsystems, energy
efficiency (EE) in terms of bits per second (bps) per Hertz per
Joule will become an important metric from both economic
and ecological perspectives for the design of future commu-
nication networks [17]. In this regard, the authors in [18]
formulated a global EE maximization problem by jointly opti-
mizing the transmit BF vectors and the AN covariance matrix
in a multiple-input-single-output system. In [19], the authors
presented a new perspective for the relationship between EE
and spectral efficiency based on energy-efficient power control
and gave insights about the EE-based performance of various
transmission techniques. The authors in [20] studied the EE
maximization problem for a multi-user underlay cognitive
radio network, and adopted the difference of convex functions
method to obtain approximate solutions.

As mentioned above, existing works mainly addressed the
issues of secrecy rate maximization and EE maximization sep-
arately. As energy costs and security requirements for commu-
nications continue to rise, to achieve a better trade-off between
the secrecy rate and EE, secrecy energy efficiency (SEE) has
been proposed as a novel design criterion in the context of
secure green communications, which is defined as the ratio
between the secrecy rate and the consumed power [21]. Specif-
ically in [21], the authors investigated the SEE maximization
problem in an underlay cognitive radio network under the
transmit power, secrecy rate and quality-of-service (QoS) con-
straints. In [22], taking both cases of instantaneous and statis-
tical channel state information cases into account, the authors
proposed secrecy energy efficiency maximization schemes and
solved the approximate convex problems by using the differ-
ence of convex functions approximation approach. The authors
in [23] investigated the outage-constrained SEE optimization
problem in underlay energy harvesting cognitive radio net-
works, and utilized semi-definite relaxation, Bernstein-type
inequality approach and fractional programming theory to
solve the problem.

In the above-mentioned works [18]–[21], it is assumed that
the channel state information (CSI) of all links is perfectly
known. However, due to the mobility of terminals, estimation
errors, and feedback quantization and delays, it is impossible
to obtain perfect CSI [24], [25]. Therefore, robust BF design
based on imperfect CSI has received considerable attention
in recent years. Among the existing techniques for robust BF
design, three kinds of channel uncertainty models have been
used, namely: deterministic uncertainty model [26]–[28], sto-
chastic uncertainty model [29], [30] and angular information
based uncertainty model [31]–[33].1

The deployment of large-scale antenna array technology
will become essential to achieve high antenna gain against
severe path loss and provide high data rate in future wire-
less communication systems, especially in the millimeter

1Note that part of this manuscript has been presented in [32].

wave (mmWave) spectrum. In this context, the conventional
fully-digital BF designs, which require the use of one radio
frequency (RF) chain per antenna, cannot be employed due
to their substantial power consumption and implementation
complexity. As an alternative, hybrid analog-digital BF can
be exploited to achieve a sensible cost-performance trade-
off [34]. In this approach, BF is realized as a cascade of
two subsystems: a low-dimensional digital BF section feeding
Nr RF chains, followed by an analog BF section feeding Nb
antennas, where in practice, Nr < Nb. The analog BF section,
comprised mainly of phase shifters to reduce implementation
costs, allows beam steering with high gain, while the digital
BF section provides additional boost in performance through
precoding or other advanced signal processing (e.g., see [35]
and references therein). The authors in [36] proposed a general
optimization framework for hybrid analog-digital BF design
in the context of STIN; however, the SEE performance metric
and imperfect CSI assumption were not taken into account.

In this paper, motivated by the above considerations and
the importance of SEE as a key performance metric for the
evaluation of security and EE in future networks, we inves-
tigate the problem of SEE optimization in STIN with hybrid
analog-digital beamforming. Our main contributions are sum-
marized as follows:

• Considering the secure downlink transmission scenario
in STIN, we adopt a uniform planar array (UPA) con-
figuration at the BS to control both the azimuth and
elevation angles of the beams and provide adequate BF
gain in the coverage area. The UPA configuration can
exploit three-dimensional BF schemes to improve system
performance. We investigate three different hybrid BF
architectures, namely: fully-connected versus partially
connected with either localized or interleaved subarrays.
Under imperfect knowledge of the wiretap channel angle
of departure (AoD), we formulate a constrained opti-
mization problem to maximize the SEE while satisfying
the signal-to-interference-plus-noise ratio SINR) require-
ments of both ES and cellular users. To the best of
our knowledge, the SEE maximization problem with a
hybrid array is addressed for the first time in this paper
whereas existing works on STIN focused on different
performance criteria, e.g. [7] and [33] aimed at secrecy
rate maximization, while [15] and [30] focused on the
power minimization problem.

• We consider two specific scenarios with single and mul-
tiple ESs. The resulting constrained SEE optimization
problems are quite challenging since the traditional dig-
ital BF design schemes [21] exploiting the Dinkelbach
type algorithm [37] of fractional programming cannot be
extended to the hybrid BF structure due to the coupling
between the digital and analog variables. For the case of
a single ES, we integrate the Charnes-Cooper approach
with an iterative search algorithm to convert the original
nonconvex problem into a solvable one and obtain the
desired BF weight vectors. For the case of multiple ESs,
by exploiting the sequential convex approximation (SCA)
method, we convert the original problem into a linear one
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with multiple linear matrix inequalities and second-order
cone constraints, and obtain a solution with satisfactory
performance.

• Simulation results clearly demonstrate the SEE perfor-
mance advantages of the proposed hybrid BF design
scheme over existing benchmark approaches. For the
case of single ES, the hybrid BF scheme with localized
subarrays outperforms the one with interleaved subarrays,
while for the multiple ESs case, the converse is true.
We believe that our proposed hybrid BF design frame-
work can provide an effective solution to enhance the
SEE of STINs.

Notation: Bold uppercase and lowercase letters denote
matrices and vectors, respectively. (·)T , (·)H , Tr (·) and
rank (·) stand for the transpose, Hermitian transpose, trace and
rank of a matrix. �·� denotes the Euclidean norm of a vector,
and |·| the magnitude of a complex scalar. CM×N denotes
the complex space of M × N matrices. IN is the N × N
identity matrix. X � 0 represents a positive semi-definite
matrix. X�Y and X⊗Y denote the Hadamard and Kronecker
products of matrices X and Y, respectively, while �X,Y� =
Tr

�
XHY

�
. CN (μ, σ2) denotes the circular complex Gaussian

distribution with mean μ and variance σ2.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Fig. 1, we consider a cloud based STIN,
where the cloud processing center (CPC), which links the
satellite (SAT) gateway and the wireless BS, acts as the
integrated resource management and control center of the
entire network. In the STIN, the satellite and base station
share the same mmWave frequency band. The geostationary
orbit (GEO) satellite serves L earth stations (ESs) using unicast
communications in the presence of

�L
l=1Kl potential eaves-

droppers (Eves), where Kl is the number of Eves on the l-th
ES. Meanwhile, the BS serves M cellular users (CUs) using
broadcast communications. Since the long distance transmis-
sion and wider earth footprint make satellite communications
vulnerable and easy to intercept, not to mention the worst case
scenario where the satellite legitimate and wiretap channels
might be highly correlated, the utilization of physical layer
security technology onboard is not efficient and also incurs
an additional computational burden. To address this issue,
the interference from the BS in STIN is exploited to secure
the satellite downlink transmission. Thus, this paper focuses
on utilizing the interference from the BS to improve the
secrecy-energy efficiency performance and thereby achieve
secure and efficient communications.

A. Channel Model

As illustrated in Fig. 2(a), the multibeam satellite employs
an array fed reflector antenna with Ns feeds uniformly posi-
tioned along a circle with radius d plus another feed at the
center of the circle [16]. To build a realistic satellite downlink
channel model, the effects of path loss, rain attenuation and
satellite beam gains are taken into consideration. The geometry
based satellite downlink channel vector (CV) between the SAT

Fig. 1. System model of the considered STIN.

and any user can be expressed as [16]

f =
�
CLGR/ξ · bg (φ, ψ) � ac (φ, ψ) (1)

where CL denotes the path loss coefficient, GR denotes
the off-boresight antenna gain pattern, ξ is the rain atten-
uation coefficient which follows the log-normal probability
distribution [38], bg (φ, ψ) denotes the vector of beam gains
corresponding to the different satellite antenna feeds, with
φ ∈ [0, π/2) and ψ ∈ [0, 2π) being the elevation angle
and the azimuth angle, respectively. The array steering vector
ac ∈ CNs×1 can be expressed as

ac (φ, ψ)=
�
1, ejβd sin φ cos(−ψ),· · ·, ejβd sinφ cos( 2π(Ns−2)

Ns−1 −ψ)
�T
.

As for the terrestrial downlink transmissions, in Fig. 3(b)
we assume that the BS employs a uniform planar array of
dimension Nb = N1 ×N2 to achieve high gain with compact
size. Due to the highly directional and quasi-optical nature
of mmWave transmissions, the terrestrial downlink channel
can be modeled as the superposition of a predominant line-
of-sight (LoS) propagation component and a sparse set of
single-bounce non-LoS (NLoS) components, which is ade-
quate for urban environments. Hence, the terrestrial downlink
channel matrix can be expressed as [33]

h =
�
g (θ0, ϕ0)ρ0aa (θ0, ϕ0) ⊗ ae (θ0, ϕ0)

+

�
1
N

N	
n=1

�
g (θn, ϕn)ρnaa (θn, ϕn) ⊗ ae (θn, ϕn)

(2)

where N is the number of NLoS paths, ρ0 and
ρn (n = 1, . . . , N) represent the complex channel gains asso-
ciated with the LoS path and the n-th NLoS path, respectively.
The gains of the NLoS components are typically 5 to 10 dB
weaker than that of the LoS component based on the recent
measurements in [33]. In addition, g (θ, ϕ) is the common
directivity pattern of the antenna elements, with θ and ϕ
being the vertical and horizontal AoDs, respectively. The
azimuth and elevation steering vectors aa (θ, ϕ) ∈ CN1×1 and
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Fig. 2. Geometrical model of array antenna.

TABLE I

DESCRIPTION OF THE SYSTEM MODEL PARAMETERS

ae (θ) ∈ CN2×1 can be expressed as

aa (φ, ψ) =
�
1, e−jβ((N1−1)/2)d1 sin θ cosϕ, · · · ,

e+jβ((N1−1)/2)d1 sin θ cosϕ
�T
,

ae (θ) =
�
e−jβ((N2−1)/2)d2 cos θ, · · · ,

e+jβ((N2−1)/2)d2 cos θ
�T
.

B. Problem Formulation

Let sl (t), satisfying E
�
|sl (t)|2

�
= 1, denote the informa-

tion signal transmitted by the SAT to the l-th ES. Prior to
transmission, this signal is mapped onto a BF weight vector
wl ∈ CNs×1. We emphasize that in our model, information
signal sl(t) can be intercepted by anyone of the Kl Eves
surrounding the l-th ES. Meanwhile, the BS sends a composite
signal x(t) with normalized power, i.e., E

�
|x (t)|2

�
= 1,

to the CUs in its coverage area. In the current application
where the BS is equipped with a large-scale (massive) antenna
array, digital BF entails large system cost and complexity due
to the need to use one RF chain per antenna element. To over-
come this limitation, we assume that hybrid analog-digital
BF is applied at the BS, where P ∈ CNb×Nr denotes

the analog precoder (using only analog phase shifters) and
v ∈ C

Nr×1 denotes the digital BF weight vector for signal
x(t). Other system model parameters are listed in Table I.
Thus, the received signals at the m-th CU, l-th ES, and (l, k)-
th Eve are, respectively, expressed as

yc,m (t) = hHc,mPvx (t) +
L	
l=1

fHc,mwlsl (t) + nc,m (t),

ys,l (t) = fHs,lwlsl (t) +
L	

i=1,i�=l
fHs,lwisi (t)

+hHs,lPvx (t) + ns,l (t),

yl,k (t) = fHl,kwlsl (t) +
L	

i=1,i�=l
fHl,kwisi (t)

+hHl,kPvx (t) + nl,k (t) (3)

where nc,m (t) , ns,l (t) and nl,k (t) denote i.i.d. complex
Gaussian random noises with variance σ2 = κBT . The
received SINR at the m-th CU, l-th ES, and (l, k)-th Eve can
be written as

γc,m =



hHc,mPv


2

L�
l=1



fHc,mwl



2 + σ2

,

γs,l =




fHs,lwl




2
L�

i=1,i�=l




fHs,lwi




2 +



hHs,lPv




2 + σ2

,

γl,k =




fHl,kwl




2
L�

i=1,i�=l




fHl,kwi




2 +



hHl,kPv




2 + σ2

. (4)

Therefore, the achievable secrecy rate of the l-th ES is given
by

Rs,l=
�
log2 (1 + γs,l)− max

k∈{1,··· ,Kl}
log2 (1 + γl,k)

�+

(5)
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where [x]+ = max (x, 0). Total power consumption Ptot of
the considered system is modeled as

Ptot = η1

L	
l=1

�wl�2 + η2�v�2 + PS + PB,

PS = Ns (Psr + Psa) + Psb,

PB = Nr (Pbr+Pbs)+Nb (Pba+cPbp)+Pbb (6)

where η1 > 1 and η2 > 1 are constants which account
for the power amplifier inefficiency of the satellite and BS,
respectively. Pbp and Pbs denote the power consumption of the
phase shifters and power splitters, respectively, while Psr and
Pbr, Psa and Pba, Psb and Pbb represent the power consumed
by the RF chains, power amplifiers, and baseband processor
of the satellite and BS, respectively [39]. The parameter c is
equal to Nr for the fully-connected architecture and to 1 for
the sub-array architecture.

In practice, due to the mobility of terminals and estimation
mismatch of the wiretap CSI, perfect knowledge of the wiretap
CSI is unavailable. Considering the high directionality of the
mmWave channel, the angular information based uncertainty
model has been exploited in STIN [33]. Thus, we assume that
only imperfect knowledge of the AoD for the wiretap CSI is
available at the BS [25]. Specifically, the channel from BS to
the k-th Eve hl,k belongs to a given AoD uncertainty set Δl,k

specified by θl,k ∈
�
θLl,k, θ

U
l,k

�
and ϕl,k ∈

�
ϕLl,k, ϕ

U
l,k

�
, which

is also applicable to the satellite wiretap channels fl,k.
In this paper, we aim to maximize the secrecy-energy

efficiency, defined as the ratio of the achievable sum rate
to the total power consumption, while satisfying the SINR
requirements of the ESs and CUs, analog precoder modula
constraint and transmit power constraints. Mathematically,
the optimization problem can be formulated as

max
wl,v,P

	L

l=1
μlRs,l/Ptot (7a)

s.t γc,m ≥ Γc, ∀m, (7b)

γs,l ≥ Γs, ∀l, (7c)


[P]i,j



2 = ai,j , i = 1, · · · , Nb, j = 1, · · · , Nr,

(7d)

�v�2
F ≤ Pb, �wl�2

F ≤ Ps,l, ∀l (7e)

where μl is the positive weighting factor assigned to the l-th
ES, Γc and Γs denote the SINR thresholds of the CUs and
ESs, respectively, Pb and Ps,l are the power budget of the
CUs and l-th ES. The value of ai,j in (7d) depends on the
hybrid array structure as follows




[P]i,j



2 =

⎧⎪⎨
⎪⎩

1/Nb, Full-array,�
a 1Nb/Nr

⊗ INr

�
i,j
, Interleaved,�

a INr ⊗ 1Nb/Nr

�
i,j
, Localized.

(8)

where a = Nr/Nb and 1Nb/Nr
denotes a vector with Nb/Nr

elements equal to 1.
Fig. 3 illustrates four typical beamforming architectures in

mmWave systems, namely: (a) the fully-digital beamform-
ing architecture; (b) the fully-connected hybrid beamforming

architecture; (c) the localized sub-array hybrid beamforming
architectures; and (d) the interleaved sub-array hybrid beam-
forming architecture. Clearly, the fully-digital beamforming
architecture uses Nr = Nb RF chains, and thus achieves better
spectral efficiency with increasing computational burden and
RF power consumption. The fully-connected hybrid beam-
forming architecture can achieve a better trade-off between
spectral efficiency and power consumption due to the use of
less RF chains, but its analog part with additional NrNb phase
shifters is also difficult to implement. Thus, to complement
the fully-connected architecture, two sub-array architectures,
called localized array and interleaved array are investigated,
where in the former, antenna elements are adjacent to each
other, while in the latter antenna elements are uniformly placed
in each sub-array [40].

Here, we discuss the technical challenges facing the solution
of the problem described above. Firstly, we consider the digital
BF scheme, which has been widely used to solve EE and
SEE maximization problems [22]. It can be verified that,
by assuming that Nr = Nb and [P]i,j = [b ⊗ INr ]i,j ,b =
(1, 0, · · · , 0)T , the above hybrid BF optimization problem
corresponds to a more general form of the digital BF opti-
mization problem. However, the existing schemes for the
design of digital BF cannot be directly extended to solving
the above complex problem due to the nonconvex objective
function with coupled optimization variables, and the non-
convex constraints on the elements of the analog precoder
and combiners. Secondly, the difference between the hybrid
architectures in Fig. 3(b)-(d) lies in the different constraints
imposed on the analog precoder, and it is obvious that the
fully-connected architecture would achieve better SE with
increasing computational burden than the localized and inter-
leaved sub-array architectures. Here, we will investigate the
optimal BF scheme defined by (7) for the three hybrid archi-
tectures through transformations of the non-convex analog pre-
coder constraints. Thirdly, since the hybrid architectures based
SEE maximization problem with a single ES (surrounded by
multiple Eves) has not been investigated in the literature,
we will first investigate the above optimization problem with
L = 1, and exploit the Charnes-Cooper approach combined
with an iterative algorithm to convert the original nonconvex
problem into a solvable one and obtain the BF weight vectors.
Then, we will investigate the multiple ESs scenario, and adopt
the sequential convex approximation method to convert the
original problem into a linear one with a series of linear matrix
inequalities and second-order cone constraints, and obtain the
solutions.

III. HYBRID BEAMFORMING FOR SINGLE ES

In this section, we propose a low-complexity hybrid beam-
forming scheme to solve the optimization problem (19) for the
single ES scenario (L = 1).

A. Discretization Method for Approximating Imperfect AoD

Since the objective function (7a) is non-convex due to
the imperfect wiretap CSI model with infinite possibilities,
we exploit a discretization method to convert the imperfect
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Fig. 3. Architecture comparison: (a) fully-digital architecture; (b) fully-connected hybrid architecture; (c) localized sub-array hybrid architecture; (d) interleaved
sub-array hybrid architecture. The differently colored squares on the right-hand side of parts (c) and (d) are used to illustrate the different types of sub-array
architectures for the UPA.

wiretap CSI into a tractable form. Specifically, the available
wiretap channels belong to a given AoD uncertainty set spec-
ified by θl,k ∈

�
θLl,k, θ

U
l,k

�
, ϕl,k ∈

�
ϕLl,k, ϕ

U
l,k

�
, and we select

uniformly spaced angles as

θ
(i)
l,k = θLl,k + (i− 1)Δθ, i = 1, · · · ,M1,

ϕ
(j)
l,k = ϕLl,k + (j − 1)Δϕ, j = 1, · · · ,M2 (9)

where θ(i)l,k and ϕ(j)
l,k are the elevation and azimuth AoD, Δθ =

(θUl,k−θLl,k)/(M1−1) and Δϕ = (ϕUl,k−ϕLl,k)/(M2−1). The
above formulation is also suitable for the satellite downlink
channel by replacing θ and ϕ with φ and ψ, which is omitted
for brevity. Then, we define H̃ =

�M1
i=1

�M2
j=1 μi,jH

(i,j) and

F̃ =
�M1

i=1

�M2
j=1 μi,jF

(i,j), where H(i,j) = h(i,j)
�
h(i,j)

�H
and F(i,j) = f (i,j)

�
f (i,j)

�H
and μi,j = 1

M1M2
. This dis-

cretization method has been adopted in [29] with satisfactory
robustness.

Remark 1: Assuming that the satellite uses a multibeam
antenna and the BS employs a UPA with hybrid digital-analog
architecture, we formulate a joint optimization problem to
maximize the SEE subject to the SINR requirement of ESs and
CUs, analog precoder modulus constraints and transmit power
constraints. To the best of our knowledge, this optimization
problem is formulated and solved for the first time in this
paper.

B. Iterative Optimization Over w1, v and P

It can be observed that the optimization problem (7) is
coupled in the variables v and P, which makes it intractable.
In order to solve this non-convex problem, we propose an
optimization scheme to iteratively solve the digital and analog
BF weight vectors.

First, we investigate optimization of the digital BF weight
vector. While the objective function of (7a) is mathematically
intractable due to the fractional form of SEE, by introducing
auxiliary α and τ into problem (7), it can be transformed as

max
W1,V,P

τ−1log2

�
σ2+Tr (Fs,1W1)+Tr

�
PHHs,1PV

�
α

�

(10a)

s.t. η1Tr (W1) + η2Tr (V) + PS + PB = τ, (10b)

Tr
�
F̃1,kW1

� �
Tr

�
PHHs,1PV

�
+ σ2

�
Tr

�
PHH̃1,kPV

�
+ σ2

≤ α,

∀k, (10c)

Tr
�
PHHc,mPV

�−Γc
�
Tr (Fc,mW1)+σ2

� ≥ 0,
∀m, (10d)

Tr (Fs,1W1) − Γs
�
Tr

�
PHHs,1PV

�
+ σ2

� ≥ 0,
(10e)


[P]i,j




2 = βi,j , i = 1, · · · , Nb, j = 1, · · · , Nr,
(10f)

Tr (W1) ≤ Ps,1, Tr (V) ≤ Pb, (10g)

rank (W1) = 1, rank (V) = 1. (10h)

where W1 = w1wH
1 , V = vvH .

Suppose that after the n-th iteration, we have obtained an
analog precoder P(n). Then, the optimization problem for the
digital beamformer can be expressed as

max
W1,V,τ,α

τ−1log2

�
x+ Tr

�
P(n)HHs,1P(n)V

�
α

�
(11a)

s.t. η1Tr (W1) + η2Tr (V) + PS + PB = τ, (11b)
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Tr
�
F̃1,kW1

� �
Tr

�
P(n)HHs,1P(n)V

�
+ σ2

�
Tr

�
P(n)HH̃1,kP(n)V

�
+ σ2

≤ α,

∀k, (11c)

Tr
�
P(n)HHc,mP(n)V

�
− yΓc ≥ 0, ∀m, (11d)

Tr (Fs,1W1) − Γs
�
Tr

�
P(n)HHs,1P(n)V

�
+ σ2

�
≥ 0, (11e)

Tr (W1) ≤ Ps,1, Tr (V) ≤ Pb, (11f)

rank (W1) = 1, rank (V) = 1. (11g)

where x = σ2 + Tr (Fs,1W1), y = Tr (Fc,mW1) + σ2.
To make the above nonconvex problem (11) solvable, we pro-
pose a two-stage optimization algorithm for solving (11),
where the outer problem can be written as

max
τ

τ−1f (τ)

s.t. τ ∈ [PS + PB, η1Ps,1 + η2Pb + PS + PB] (12)

where f (τ) = log2

�
σ2 + Tr (Fs,1W1) /α

�
. Since log2 (·) is

monotonically increasing, the latter problem can be expressed
as

max
W1,V,α

σ2 + Tr (Fs,1W1) + Tr
�
P(n)HHs,1P(n)V

�
α

s.t. (11b)− (11g). (13)

Obviously, the outer problem can be solved by
one-dimensional search (such as the bisection method)
on τ in the interval [PS + PB, η1Ps,1 + η2Pb + PS + PB].
Then, we adopt the Charnes-Cooper approach to solve
the inner optimization problem. By introducing variables
β = 1/α, and assuming W̄1 = W1/α and V̄ = V/α,
the inner optimization problem can be expressed as

max
W̄1, V̄,β

βσ2 + Tr
�
Fs,1W̄1

�
+ Tr

�
P(n)HHs,1P(n)V̄

�
(14a)

s.t. η1Tr
�
W̄1

�
+ η2Tr

�
V̄
�

= (τ − PS − PB)β,
(14b)

f1 ≤ Tr
�
P(n)HH̃1,kP(n)V̄

�
+ βσ2, ∀k, (14c)

Tr
�
P(n)HHc,mP(n)V̄

�
− yΓc ≥ 0, ∀m, (14d)

Tr
�
Fs,1W̄1

�− Γsσ2β ≥ 0, (14e)

Tr
�
W̄1

� ≤ Ps,1β, Tr
�
V̄
� ≤ Pbβ, (14f)

rank
�
W̄1

�
= 1, rank

�
V̄
�

= 1 (14g)

where f1 = Tr
�
F̃1,kW̄1

� �
Tr

�
P(n)HHs,1P(n)V̄

�
+ βσ2

�
.

To deal with the nonconvex constraint (14c), we introduce an
auxiliary variable υ which allows to transform (14c) into a
second-order cone (SOC) as follows

Tr
�
F̃1,kW̄1

�
+ c

2
≤
������
⎡
⎣Tr

�
F̃1,kW̄1

�
− c

2
, υ

⎤
⎦
������

2

d+ 1
2

≥
�����
�
d− 1

2
, υ

�T�����
2

(15)

where c = Tr
�
P(n)HHs,1P(n)V̄

�
+ βσ2 and d =

Tr
�
P(n)HH̃1,kP(n)V̄

�
+ βσ2. Consequently, problem (14)

is convex except for the rank-1 constraints (14g), and can be
solved using semi definite relaxation (SDR) and randomization
as reported in [26].

Next, we focus on solving for the analog precoder P. Once
the solution of (14) {w(n)

1 ,v(n)} is obtained, it will be used
for finding the analog precoder. Since Ptot becomes constant
with known {w(n)

1 ,v(n)}, the optimization problem for the
analog precoder can be written as follows

max
P

min
k∈{1,··· ,K1}



hHs,1Pv(n)


2 +




fHs,1w(n)
1




2 + σ2

hHs,1Pv(n)


2 + σ2

·




hH1,kPv(n)



2 + σ2




hH1,kPv(n)



2 +




fH1,kw(n)
1




2 + σ2

s.t.



hHc,mPv(n)


2


fHc,mw(n)

1




+ σ2
≥ Γc, ∀m,




fHs,1w(n)
1




2

hHs,1Pv(n)


2 + σ2

≥ Γs,




[P]i,j



2 = βi,j , i = 1, · · · , Nb, j = 1, · · · , Nr.

(16)

It is noted that the constraints (7c) and (7e) can be removed
because {w(n)

1 ,v(n)} always satisfy them. Then, (16) can be
re-written in the following vector form for compactness

max
p

min
k∈{1,··· ,K1}




hHs,1V̂(n)p



2 +




fHs,1w(n)
1




2 + σ2


hHs,1V̂(n)p



2 + σ2

·




h̃H1,kV̂(n)p



2 + σ2


h̃H1,kV̂(n)p




2 +



̃fH1,kw(n)

1




2 + σ2

s.t.



hHc,mV̂(n)p




2 ≥ Γc

�


fHc,mw(n)
1




2 + σ2

�
, ∀m,


hHs,1V̂(n)p




2 ≤



fHs,1w(n)

1




2/Γs − σ2




[p]q



2 = vec(Φ)q, q = 1, · · · , NbNr (17)

where V̂(n) = block-diag
�
v(n)T , · · · ,v(n)T

� ∈ CNb×NbNr ,
p = vec (P) ∈ CNbNr×1, and matrix Φ ∈ CNb×Nr repre-
sents different array structures. The three hybrid structures,
i.e., fully-connected, localized sub-array and interleaved sub-
array, respectively, can be represented in terms of Φ as

Φfull = 1Nb×Nr/Nb,

Φlocal = a block-diag
�
11/a, · · · ,11/a

�
,

Φintr = a block-diag
�
I1/a, · · · , I1/a

�
,

where block-diag (·) denotes a function and has been defined
in [36], 1Nb×Nr ∈ CNb×Nr denotes the all-ones matrix, 11/a

denotes the all-ones vector with size 1/a.
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Then, by introducing variable t1, after some manipulations,
problem (17) can be transformed as

max
P̂,t1

t1

s.t.

�����
��

t1
t1−1Tr

�
F̃s,kW

(n)
1

�
1
2 (A−B)

 �����
2

≤ 1
2

(A+B) , ∀k,

Tr
�
V̂(n)HH̃c,mV̂(n)P̂

�
≥ Γc

�
Tr

�
Fc,mW(n)

1

�
+ σ2

�
, ∀m,

Tr
�
V̂(n)HHs,1V̂(n)P̂

�
≤ Tr

�
Fs,1W

(n)
1

�
/Γs − σ2,

diag
�
P̂
�
q

=
�
qqH

�
q
, q = 1, · · · , NbNr,

rank
�
P̂
�

= 1 (18)

where

A= Tr
�
Fs,1W

(n)
1

�
+(1−t1)

�
Tr

�
V̂(n)HHs,1V̂(n)P̂

�
+σ2

�
B= Tr

�
V̂(n)HH̃1,kV̂(n)P̂

�
+σ2−

�
t1

t1−1

�
Tr

�
F̃1,kW

(n)
1

�
and F̃s,k=fs,1f̃H1,k, P̂ = ppH , q = vec (Φ). It is observed
that the above problem can be solved by fixing the value
of t1, and thus, a bisection search over t1, SDR and ran-
domization method can be used to solve the problem (18).
However, considering that the solution candidates from the
SDR approach cannot guarantee an optimal solution for the
original rank-1 constrained problem, the selected rank-1 solu-
tion may be suboptimal or even far from the optimal one.
In the next subsection, we will discuss how to convert the
rank-1 constraint into a convex one.

C. Non-Smooth Method

Since the SDR method does not achieve an optimal solution
of problem (18), as it does not enforce the rank-1 con-
straint, we adopt the following iterative penalty function
approach. Due to space limitations, we only consider the
digital beamformer optimization in (14), but the steps for
obtaining the analog precoder are similar.

Proposition 1: The non-convex optimization (18) can be
equivalently transformed to the following convex optimization
problem

max
W̄1,V̄,β

βσ2 + Tr
�
Fs,1W̄1

�
− μ1

�
Tr

�
W̄1

�−!
w̄(n)

1maxw̄
(n)H
1max,W̄1

"�
− μv

�
Tr

�
V̄
�− !

v̄(n)
maxv̄

(n)H
max , V̄

"�
s.t. (14b) , (14d) − (14f), (15). (19)

Proof: See Appendix.
Finally, the proposed hybrid BF design scheme with L = 1

is summarized in Algorithm 1.

IV. HYBRID BEAMFORMING FOR MULTIPLE ESS

In the case of multiple ESs, the sum of logarithmic functions
increases the optimization complexity, and the hybrid scheme

Algorithm 1: The Proposed Hybrid Scheme With L = 1
Input: {hc,m,h1,k, f1,k}, fs,1, Γc, Γs, Pb and Ps,1.

1 Set the tolerance of accuracy ε1 and ε2;
2 Obtain the feasible precoder P(0) based on (10f) ;
3 Set the iteration number n1 = 0, n2 = 0;
4 repeat
5 Initialize W̄(n2)

1 and V̄(n2);

6 while Tr
�
W̄(n2)

1

�
− λmax

�
W̄(n2)

1

�
≥ ε2 or

Tr
�
V̄(n2)

�− λmax

�
V̄(n2)

� ≥ ε2 do
7 Solve the problem (19);

8 Obtain solutions W̄1 and V̄, set W̄(n2+1)
1 := W̄1

and V̄(n2+1) := V̄;

9 if W̄(n2+1)
1 ≈ W̄(n2)

1 & V̄(n2+1) ≈ V̄(n2) then
10 Set η := 2η;
11 else
12 Set n2 := n2 + 1;
13 end
14 end
15 Using singular value decomposition to obtain w1 and

v from solutions W̄1, V̄;

16 Set n2 := 0, w(n1+1)
1 = w1,v(n1+1) = v;

17 Compute P(n1+1) through nonsmooth method on
problem (18) with similar procedure of step 5-16;

18 Set n1 := n1 + 1;

19 until


P(n1)v(n1) − P(n1−1)v(n1−1)



2 ≤ ε1;
Output: Analog precoder P, digital beamformers w1, v.

for single ES cannot be used to solve this problem. Here,
we propose a hybrid scheme by exploiting the SCA method to
solve the complex non-convex problem. Firstly, by introducing
the positive auxiliary variables {xl, yl, pl, ql} into the objective
function (7a), problem (7) can be rewritten as

max
P,wl,v,
xl,yl,pl,ql

L�
l=1

μl (xl − yl − pl + ql)

η1
L�
l=1

�wl�2 + η2�v�2 + PS + PB

(20a)

s.t.
L	
j=1



fHs,lwj



2 +


hHs,lPv



2 + σ2 ≥ exl , ∀l,

(20b)
L	
i�=l



fHs,lwi



2 +


hHs,lPv



2 + σ2 ≤ eyl , ∀l,

(20c)
L	
j=1



fHl,kwj



2 +


hHl,kPv



2 + σ2 ≤ epl , ∀l, k,

(20d)
L	
i�=l



fHl,kwi



2 +


hHl,kPv



2 + σ2 ≥ eql , ∀l, k,

(20e)

(7b) − (7e). (20f)
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It is verified that the objective function (20a) is still non-
convex due to its fractional form. By introducing the positive
auxiliary variables {t2, ς}, problem (20) can be transformed
as

max
P,wl,v,t2,ς
xl,yl,pl,ql

t2

s.t.
L	
l=1

μl (xl − yl − pl + ql) ≥ t2ς,

η1

L	
l=1

�wl�2 + η2�v�2 + PS + PB ≤ ς,

(20b) − (20f). (21)

Then, we introduce positive auxiliary variable d into the
first constraint of (21), leading to

L	
l=1

μl (xl − yl − pl + ql) ≥ d2

d2 ≥ t2ς (22)

By using the first-order Taylor series expansion method to
d and ζ, constraint (22) can be rewritten as the following LMI
and SOC constraints

g + 1
2

≥
�����
�
g − 1

2
, d

�T�����
2

,

2
�
d(n)/ζ(n)

�
d−

�
d(n)/ζ(n)

�2

ζ ≥ t2, (23)

where g =
�L
l=1 μl (xl − yl − pl + ql). Next, we focus on the

constraints (20b)-(20e). To further reduce the computational
complexity associated to the generalized nonlinear convex
program of (20b), we approximate constrains (20b) and (20e)
by a series of SOC forms described by

1 + zl,1 ≥
����1 − zl,1, 2 + xl/2N−1

�T���
2
,

1 + zl,2 ≥ ���1 − zl,2, 5/3 + xl/2N
���

2
,

1 + zl,3 ≥ �[1 − zl,3, 2zl,1]�2,

zl,4 ≥ 19/72 + zl,2 + zl,3/24,
1 + zl,i ≥ �[1 − zl,i, 2zl,i−1]�2, i = 5, . . . , Q+ 3,
1 + zl,Q+4 ≥ �[1 − zl,Q+4, 2zl,Q+3]�2, (24a)
L	
j=1



fHs,lwj



2 +


hHs,lPv



2 + σ2 ≥ 1 + zl,Q+4. (24b)

f2 (zl,k) (25a)
L	
i�=l



fHl,kwi



2 +


hHl,kPv



2 + σ2 ≥ 1 + zl,k,Q+4. (25b)

where zl,k = [zl,k,1, . . . , zl,k,Q+4]
T
, ∀l, k and

zl = [zl,1, . . . , zl,Q+4]
T
, ∀l are the introduced variables,

the inequalities f2 (zl,k) are similar to (24a) by replacing zl
with zl,k. The accuracy of (24) and (25) would increase as Q
increases. We verify that the accuracy of (24) and (25) is on
the order of 10−6 when Q = 7.

In addition, by applying the first-order Taylor series expan-
sion to the right sides of (20c) and (20d) as ey

(n)
l (yl−y(n)

l +1)

and eq
(n)
l (ql − q

(n)
l + 1), respectively, these two constraints at

the n1-th iteration can be approximated as

L	
i�=l



fHs,lwi



2+


hHs,lPv



2+σ2 ≤ ey
(n)
l (yl−y(n)

l +1),

L	
j=1



fHl,kwj



2+


hHl,kPv



2+σ2 ≤ eq
(n)
l (ql−q(n)

l +1). (26)

The problem is still nonconvex due to the coupled variables
v and P. As in Section IV, we exploit the separate iterative
optimization scheme and discretization method. After the n-
th iteration, we obtain an analog precoder, P(n), and the
optimization problem on the digital beamformers can be
expressed as

max
Wl,V,t2,d,ς
xl,yl,pl,ql

t2 (27a)

s.t. η1
	L

l=1
Tr (Wl) + η2Tr (V) + PS + PB ≤ ς,

(27b)	L

j=1
Tr (Fs,lWj) + Tr

�
P(n)HHs,lP(n)V̄

�
+ σ2 ≥ 1 + zl,N+4, ∀l, (27c)	L

i�=l Tr (Fs,lWi) + Tr
�
P(n)HHs,lP(n)V̄

�
+ σ2 ≤ ey

(n1)
l (yl − y

(n1)
l + 1), ∀l, (27d)	L

i�=j Tr
�
F̃l,kWi

�
+ Tr

�
P(n)HH̃l,kP(n)V

�
+ σ2 ≥ 1 + zl,k,N+4, ∀l, k (27e)	L

j=1
Tr

�
F̃l,kWj

�
+ Tr

�
P(n)HH̃l,kP(n)V

�
+ σ2 ≤ ep

(n1)
l (pl − p

(n1)
l + 1), ∀l, (27f)

Tr
�
P(n)HHc,mP(n)V

�
− Γc

�	L

l=1
Tr (Fc,mWl) + σ2

�
≥ 0, ∀m,

(27g)

Tr (Fs,lWl) − Γs

�	L

i�=l Tr (Fs,lWi)

+Tr
�
P(n)HHs,lP(n)V̄

�
+ σ2

�
≥ 0, ∀l, (27h)

Tr (V) ≤ Pb,Tr (Wl) ≤ Ps,l, ∀l, (27i)

rank (V) = 1, rank (Wl) = 1, ∀l, (27j)

(23), (24a), (25a). (27k)

It can be seen that the above iterative optimization problem
is convex except for the rank-1 constraints (27j). To address
this problem, by denoting v(n) and w(n)

l as the value of v
and wl at the n-th iteration, the matrix variables V and Wl

can be approximated as

V = v(n)vH + vv(n)H − v(n)v(n)H ,

Wl = w(n)
l wH

l + wlw
(n)H
l − w(n)

l w(n)H
l . (28)

Then, constraint (27j) can be removed since the iterative
process will end only if w(n)

l = w(n−1)
l and v(n) = v(n−1),

which guarantees that the rank of Wl and V is one.
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Next, we focus on the analog precoder P. Similar to
the procedure for obtaining digital beamformers, after the
n-th iteration, we have obtained digital beamformers w(n)

l

and v(n), and the optimization problem (20) for the analog
precoder can be expressed as

max
P̂,xl,yl,pl,ql

	L

l=1
μl (xl − yl − pl + pl) (29a)

s.t.
	L

j=1
Tr

�
Fs,lW

(n)
j

�
+ Tr

�
V(n)HH̃s,lV(n)P̂

�
+ σ2 ≥ 1 + zl,N+4, ∀l, (29b)	L

i�=l Tr
�
Fs,lW

(n)
i

�
+ Tr

�
V(n)HH̃s,lV(n)P̂

�
+ σ2 ≤ ey

(n1)
l (yl − y

(n1)
l + 1), ∀l, (29c)	L

i�=j Tr
�
F̃l,kW

(n)
i

�
+ Tr

�
V(n)HH̃l,kV(n)P̂

�
+ σ2 ≥ 1 + zl,k,N+4, ∀l, k (29d)	L

j=1
Tr

�
F̃l,kW

(n)
j

�
+Tr

�
V(n)HH̃l,kV(n)P̂

�
+ σ2 ≤ ep

(n1)
l (pl − p

(n1)
l + 1), ∀l, (29e)

Tr
�
V(n)HH̃c,mV(n)P̂

�
− Γc

�	L

l=1
Tr

�
Fc,mW(n)

l

�
+ σ2

�
≥ 0, ∀m,

(29f)

Tr
�
Fs,lW

(n)
l

�
− Γs

�	L

i�=l Tr (Fs,lWi)

+Tr
�
V(n)HH̃s,lV(n)P̂

�
+ σ2

�
≥ 0, ∀l, (29g)

diag[P̂]q =
�
qqH

�
q
, q = 1, · · · , NbNr, (29h)

rank(P̂) = 1, (29i)

(30a). (29j)

Different from optimization problem (27), the total power
in objective (25a) and some constraints (namely (27b), (27i),
(27j)) can be neglected because the digital beamformers are
available at each iterative step when solving for P̂. Then,
problem (29) can be efficiently solved through the nonsmooth
method in Section IV, but the details are omitted for brevity.
The proposed hybrid BF scheme for multiple ESs is summa-
rized as Algorithm 2.

It is observed that problem (27) has been converted into a
convex one by using (28), while the precondition for solving
(27) is that the initial points v(0), {w(0)

l , x
(0)
l , y

(0)
l , p

(0)
l , q

(0)
l }

are feasible to problem (29). In previous works, the initial
points for this type of approach are randomly generated, which
results in low convergence rate and sometimes infeasibility.
Therefore, a low-complexity algorithm for calculating the
initial points of problem (27) is important prior to using
Algorithm 1 for optimizing the BF weight vectors. Due to
space limitations, we only consider the digital beamformer
optimization in (27); however, the same procedure can be
employed for the analog beamformer optimization. We intro-
duce a positive variable δ to measure how far the constraints
of (29) are from being satisfied, and the initialization problem

Algorithm 2: The Proposed Hybrid BF Scheme With
Multiple ESs

Input: {hc,m,hl,k, fl,k, fs,l, Ps,l}, Γc, Γs, and Pb.
1 Set the tolerance of accuracy ε1 and ε2;
2 Initialize the feasible precoder P(0) ;
3 Set the iteration number n3 = 0, n4 = 0;
4 repeat
5 Initialize w(n4)

l ,v(n4), y
(n4)
l , p

(n4)
l , η = 1;

6 while η ≥ ε2 do
7 Set n4 := n4 + 1;
8 Solve the problem (27) with constraint (28);

9 Update w(n4)
l ,v(n4), y

(n4)
l , p

(n4)
l ;

10 η :=�L
l=1

����w(n4)
l − w(n4−1)

l

���
F

+



y(n4)
l − y

(n4−1)
l




+


p(n4)
l − p

(n4−1)
l




�+
��v(n4) − v(n4−1)

��
F

;

11 end
12 Obtain solutions wl and v, set

n4 := 0,w(n3+1)
l := wl,v(n3+1) := v;

13 Initialize y(n4)
l , p

(n4)
l , η = 1;

14 Compute P(n3+1) on problem (29) with similar
procedure of step 6-11;

15 Set n3 := n3 + 1;

16 until


P(n3)v(n3) − P(n3−1)v(n3−1)



2 ≤ ε1;
Output: Analog precoder P, digital beamformers wl and

v.

is formulated as

max
δ,Wl,V,d,
xl,yl,pl,ql

δ

s.t. (27b)∗ − (27i)∗, (23)∗, (24a)∗, (25a)∗

with Wl and V given by (28) (30)

where the constraint (X)∗ ∈ {constraints of (X)} corre-
sponds to the modified version of (X) with δ. To obtain the
constraints (X)∗, we first rewrite the constraint (X) as f (x) ≤
0, and then replace it with f (x) ≤ δ. Finally, the feasible
initial points can be obtained by solving (27). The proposed
algorithm for searching an initial point, summarized in Algo-
rithm 3, is based on a similar iterative approximation method
as the one adopted in Algorithm 2. Both Algorithms 2 and
3 are guaranteed to converge; the proof, which is omitted here
for brevity, can be found in [16].

Remark 2: Note that when applying the proposed scheme
in this Section to the single Eve scenario, the computational
complexity is higher than that in Section III, while the SEE
performance may be slightly worse. Hence, two hybrid BF
design schemes are proposed respectively for the cases of
single and multiple Eves.

V. NUMERICAL RESULTS

This section presents the results of numerical simulations
to characterize the performance of the proposed hybrid
BF schemes. We consider two scenarios with L ∈ {1, 2}
ESs, i.e. the satellite serves one and two ESs, respectively.
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Fig. 4. Beampattern of Pv with interleaved architecture.

Algorithm 3: Initial Point Search Algorithm

Input: {hc,m,hl,k, fl,k, fs,l, Ps,l}, Γc, Γs, and Pb.
1 Set the tolerance of accuracy ε2 and the iteration number
n5 = 0;

2 Initialize the algorithm with random points

v(0),
#
w(0)
l , x

(0)
l , y

(0)
l , p

(0)
l , q

(0)
l

$
;

3 repeat
4 n5 := n5 + 1;
5 Solve the problem (35);

6 Update v(n5),
#
w(n5)
l , x

(n5)
l , y

(n5)
l , p

(n5)
l , q

(n5)
l

$
;

7 until δ < ε2;
8 Set n5 = 0;

Output: v(0),
#
w(0)
l , x

(0)
l , y

(0)
l , p

(0)
l , q

(0)
l

$

TABLE II

MAIN SIMULATION PARAMETERS

Each ES is intercepted by Kl = 2 Eves, and the BS serves
M = 2 CUs using broadcast communications. The SINR
thresholds of the CUs and ESs are set as Γc = Γs = −3 dB,
and the power amplifier inefficiency of satellite and BS as
η1 = η2 = 1/0.39. The RF chains, the power amplifiers and
the baseband processor power consumption of the satellite and

Fig. 5. SEE of interleaved architecture.

Fig. 6. SEE versus Pb.

BS are set as Psr = 400 mW, Pbr = 250 mW, Psa = 50 mW,
Pba = 20 mW, Psb = Pbb = 300 mW, respectively. The
power consumption of the phase shifter, power splitter, and
power combiner are set as Pbp = 30 mW, Pbs = 10 mW
and Pbc = 10 mW [41]. The tolerance of accuracy is set
as ε1 = ε2 = 10−4, and the other parameters are listed in
TABLE II. In the simulations, the digital BF scheme in [22]
is adopted as a benchmark.

A. Single ES Scenario

We first consider the scenario of a single ES (Section III)
and show the performance results in Figs. 4 to 9. Fig. 4(a)
and Fig. 4(b) depict the beampattern of the combined BF
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Fig. 7. SEE versus Δ.

weight vector Pv of the proposed hybrid BF scheme with the
interleaved architecture, where the transmit power budget of
the SAT and BS are set as Pb = Ps,1 = 30 dBmW, the channel
uncertainty region Δ = 4◦, and the BS is equipped with a UPA
comprising Nb = 8×8 = 64 antennas. As we can see, the two
main lobes of the beampattern point to the two Eves with a
value of at least −10 dB in the uncertainty region of Eves. The
received SINR of the intended CUs is also guaranteed at the
required thresholds, while a null is generated with −45 dB at
the ES. This figure demonstrates that the obtained BF weight
vectors of the proposed hybrid BF scheme with interleaved
architecture can efficiently generate interference towards Eves
in the channel uncertainty region, improve the received signal
quality at the intended users and simultaneously suppress the
interference leakage at unintended users.

Fig. 5 plots the SEE of the interleaved hybrid array versus
the transmit power budget of the satellite and BS, with
Nr = 4 RF chains and a UPA of Nb = 4 × 4 = 16 elements.
It is clear that the SEE performance of the proposed scheme
increases with increasing power budget of the satellite and
BS, and gradually converges to a constant value. This is due
to the fact that when the transmit power is large enough
to achieve maximal SEE performance, further increasing the
power budget will not lead to more power consumption
to maintain the maximal SEE performance. It can also be
observed that the effect of satellite power budget Ps,l on SEE
performance is greater than that of the BS power budget, which
demonstrates that secure satellite downlink transmission can be
easily guaranteed with limited interference power from the BS.

Figs. 6 and 7 depict the SEE versus the BS transmit
power budget Pb and the wiretap channel uncertainty bound,
respectively. We assume that the BS is equipped with a 8× 8
UPA, and the other parameters are the same as those in Fig. 5.
From Fig. 6, it is clear that our proposed BF scheme with three
hybrid architectures always outperforms the digital scheme,
and moreover the interleaved and localized architectures also
achieve better performance than the fully-connected archi-
tecture. The reason is that the number of RF chains in the
fully-digital architecture is much larger than that in the hybrid
ones, thus causing additional power consumption and limited
SEE performance. On the other hand, the fully-connected
architecture contains (Nr−1)Nb more phase shifters than the
other two sub-array architectures, leading to a performance
gap compared with that in the interleaved and localized

Fig. 8. SEE versus number of RF chains.

Fig. 9. SEE versus UPA geometry.

architectures. In Fig. 7, it can be seen that the proposed hybrid
BF scheme achieves a more stable SEE performance than the
digital BF scheme when the wiretap channel uncertainty bound
becomes larger.

Figs. 8 and 9 depict the SEE versus the number of RF
chains Nr and antennas at BS, respectively. From Fig. 8,
one can observe that increasing Nr would decrease the SEE
performance for each architecture. It is noted that increas-
ing the number of RF chains can slightly improve the
spectral efficiency, however, it also increases circuit power
consumption and, in turn, degrades the SEE performance.
We also observe that the SEE performance of the interleaved
and localized architectures is more stable than that of the
fully-connected architecture. This is expected because increas-
ing Nr also increases the power consumption of the phase
shifters. In Fig. 9, the SEE performances of the four array
architectures decrease with the size of the UPA, while the
three proposed schemes with hybrid architectures outperform
the digital BF scheme. Furthermore, it is obtained that the
achievable secrecy rate of the sub-array architecture with 8×8
UPA can reach to 2.1 bps/Hz while the energy efficiency
of the BS can reach to 0.47 bps/Hz/Joule, which verify
that our proposed schemes can achieve secure and efficient
communications.
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Fig. 10. Beampattern of Pv with localized architecture.

Fig. 11. SEE of localized sub-array with 4 × 4 antennas.

B. Multiple ESs Scenario

Next, we consider the case of multiple ESs. Fig. 10(a)
and Fig. 10(b) depict the beampattern of the combined BF
weight vector Pv of the proposed scheme with the localized
architecture, and the parameters are the same as those in Fig. 4.
It can be observed that the four mainlobes of the beampattern
point to the uncertainty region of the Eves with at least −10 dB
interference, and the received SINRs of the intended CUs
are guaranteed at required thresholds, while two nulls are
generated with −40 dB at ESs.

Fig. 11 plots the SEE of the localized architecture versus the
transmit power budget of the satellite and BS, with Nr = 4 RF
chains and a Nb = 4 × 4 = 16 UPA. We can observe
that the SEE performance of the proposed scheme increases
when increasing the power budget of the satellite and BS,
and gradually converges to a constant value. Fig. 12 depicts
the SEE versus the BS transmit power budget Pb with a
Nb = 8 × 8 = 64 UPA. It is clear that the proposed
hybrid BF scheme with hybrid antenna architectures always
outperforms the digital BF scheme, and moreover the hybrid
BF scheme with interleaved and localized architectures also
provide better performance than that with the fully-connected
architecture. Comparing Figs. 11 and 12, we find that the
SEE performance in Fig. 12 is only improved to a limited

Fig. 12. SEE versus transmit power constraint of BS.

Fig. 13. SEE versus number of the RF chains.

extent with increasing Pb. The reason is that the larger size
of UPA in Fig. 12 provides a much higher antenna gain than
the Nb = 4 × 4 UPA in Fig. 11, and thus only limited BS
power budget can generate intense interference signal towards
the Eves and improve the SEE performance.

Furthermore, Figs. 13 and 14 present the SEE versus the
number of RF chains Nr and the number of BS antennas Nb,
respectively. From Fig. 13, we can observe that increasing Nr
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Fig. 14. SEE versus UPA geometry.

will decrease the SEE performance for each array architecture.
In Fig. 14, the SEE performance of the proposed hybrid BF
and digital BF schemes decreases with the size of the UPA,
and the proposed schemes always outperform the digital BF
scheme. Comparing the multiple ES case with the single
ES one, the proposed hybrid BF scheme with interleaved
architecture always outperforms that with the localized archi-
tecture for the multiple ESs case. The reason is that the array
elements in each sub-array of the interleaved configuration are
distributed in the whole array and the spacing between antenna
elements in the sub-array is larger than that of the localized
configuration, thus the beam pattern has narrower main and
side lobes, which is more suitable for the multiuser scenario.

VI. CONCLUSION

In this paper, we presented a novel secrecy-energy effi-
cient hybrid beamforming design for STIN operating in the
mmWave band. By considering only the available imperfect
knowledge of the AoDs for the wiretap channels, and employ-
ing hybrid array architectures, we solved the secrecy-energy
efficiency maximization problem for single and multiple ES
scenarios to meet the SINR constraints of both earth stations
and cellular users. Specifically, we proposed two hybrid BF
design schemes for the cases of single ES and multiple
ESs, namely, the iterative BF scheme using Charnes-Cooper
together with penalty function approaches, and the iterative BF
scheme combined with the SCA approach. The advantage of
the proposed hybrid BF schemes comes from the exploitation
of interference from the BS to enhance the SEE performance
for the ESs, and utilization of the hybrid analog-digital array
for substantial reduction of the RF chains and power shifters’
power consumption. Our simulation results demonstrated the
superiority of the proposed hybrid BF schemes over the fully
digital BF in the literature. We believe that our proposed BF
scheme can provide an effective solution to enhance the SEE
of the STIN.

APPENDIX

Proof of Proposition

Due to the discontinuous nature of the rank-1 constraint, it is
difficult to directly solve problem (18) numerically. However,

we can rewrite (14g) as

Tr
�
W̄1

�− λmax

�
W̄1

� ≤ 0,
Tr

�
V̄
�− λmax

�
V̄
� ≤ 0 (31)

where λmax (X) denotes the maximal eigenvalue of matrix
X. Note that Tr (X) ≥ λmax (X) holds true for any positive
semi-definite matrix. Hence, (31) implies that Tr (X) =
λmax (X) and X only has one positive eigenvalue, which can
be expressed as

W̄1 = λmax

�
W̄1

�
w̄1 maxw̄H

1 max,

V̄ = λmax

�
V̄
�
v̄maxv̄Hmax (32)

where w̄1max and v̄max represent the corresponding eigenvec-
tors of λmax

�
W̄1

�
and λmax

�
V̄
�
, respectively. Thus, problem

(14) can be reformulated as

max
W̄1,V̄,β

βσ2 + Tr
�
Fs,1W̄1

�
s.t. (14b) , (14d) − (14f), (15), (31). (33)

It should be mentioned that if Tr
�
W̄1

� − λmax

�
W̄1

�
is small enough, Tr

�
W̄1

�
can be approximated as

λmax

�
W̄1

�
w̄1maxw̄H

1max. Thus, we aim at minimizing the
difference of Tr

�
W̄1

�−λmax

�
W̄1

�
(same for V̄). By using

the penalty function method to substitute the constraint (31)
into the objective function in (33), we obtain

max
W̄1,V̄,β

βσ2+Tr
�
Fs,1W̄1

�−μ1

�
Tr

�
W̄1

�−λmax

�
W̄1

��
− μv

�
Tr

�
V̄
�− λmax

�
V̄
��

s.t. (14b) , (14d) − (14f), (15). (34)

where μ1 and μv are weighting coefficients, which
are large enough to enforce the minimization of
Tr

�
W̄1

�− λmax

�
W̄1

�
and Tr

�
V̄
�− λmax

�
V̄
�
. It can

be observed that (34) belongs to the class of concave
programming due to the nonsmooth nature of λmax

�
W̄1

�
and λmax

�
V̄
�
. By using the subgradient version of the

maximal eigenvalue function ∂λmax(X)
∂x = xmaxxHmax,

we have

λmax (X) − λmax

�
W̄1

�
=
%
w̄1maxw̄H

1max,X − W̄1

&
,

λmax (X) − λmax

�
V̄
�

=
%
v̄maxv̄Hmax,X − V̄

&
. (35)

Then, by initializing the feasible matrices W̄(n)
1 and V̄(n),

and the corresponding eigenvectors w̄(n)
1max and v̄(n)

max of the
maximal eigenvalues, problem (34) can be expressed as

max
W̄1,V̄,β

βσ2 + Tr
�
Fs,1W̄1

�
− μ1

�
Tr

�
W̄1

�−!
w̄(n)

1maxw̄
(n)H
1max,W̄1

"�
− μv

�
Tr

�
V̄
�− !

v̄(n)
maxv̄

(n)H
max , V̄

"�
s.t. (14b) , (14d) − (14f), (15). (36)

which completes the proof.
It can be verified that the iterative problem (36) is conver-

gent [15].
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