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Outage Constrained Robust Beamforming for
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Abstract— In this paper, we investigate simultaneous wireless
information and power transfer systems for multiuser multipleinput single-output secure broadcasting channels. Considering
imperfect channel state information, we introduce a robust secure
beamforming design, where the transmit power is minimized
subject to the secrecy rate outage probability constraint for
legitimate users and the harvested energy outage probability
constraint for energy harvesting receivers. The original problem
is non-convex due to the presence of the probabilistic constraints.
With the aid of Bernstein-type inequalities, we transform the
outage constraints into the deterministic forms. Based on a
successive convex approximation (SCA) method, we propose
a low-complexity approach, which reformulates the original
problem as a second-order cone programming problem. Also,
we prove the convergence of the SCA-based iterative algorithm.
Simulation shows that the proposed scheme outperforms the
conventional method with lower complexity.
Index Terms— SWIPT, physical-layer secrecy, outage probability, robust optimization, successive convex approximation.

I. I NTRODUCTION
ECENTLY, energy harvesting (EH) techniques have been
introduced which extracts energy from the nature. The
EH can be applied to avert energy-limited issues and enhance
energy efficiency of wireless networks [1]–[4]. However,
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the natural energy sources such as solar power and wind
are climate dependent and cannot provide stable energy to
portable wireless devices in practice [5], [6]. Due to a serious
path loss, wireless power transfer (WPT) be feasible only for
short distance. To overcome the attenuation over distance,
radio frequency (RF) enabled WPT has been employed for
sustaining low power device, such as RFID (radio frequency
identification) and wireless sensors [7]. Recent green technologies significantly promote the WPT efficiency, by utilizing
MIMO method [8]. Leveraging the fact that ambient radio frequency (RF) signals can carry energy while transporting information, simultaneous wireless information and power transfer
(SWIPT) has been proposed which utilizes the RF-enabled
signal generating power to wireless networks [9]–[14], [17].
On the other hand, security [15], [16] has been recognized
as an important issue for SWIPT systems [18]–[30]. To address
this security problem, physical layer security techniques have
been applied to SWIPT to achieve secure communication [18].
In [19], the optimal beamforming designs for secrecy SWIPT
systems in multiple-input single-output (MISO) broadcast
channels were studied. Also, a secure beamforming scheme
for SWIPT in non-regenerative relay networks was examined in [20]. Moreover, the secure transmission for SWIPT
schemes was investigated in cooperative networks [21],
multiple-input multiple-output (MIMO) broadcasting systems
[22], wireless fading channels [23], and distributed antenna
networks [24].
It is worth noting that all of these works have assumed
that perfect channel state information (CSI) is available at the
transmitter. However, due to channel estimation and quantization errors, it may be difficult to attain perfect CSI at the
transmitter in practice. Some secure transmission methods with
wiretap channels in MISO SWIPT broadcast systems were
presented under imperfect CSI in [25]–[30]. However, these
works only adopted the norm-bounded channel uncertainty
model [25]–[30], which may not reflect practical channels
accurately, since the channel error bound cannot be obtained
exactly.
In practice, an outage constrained robust method is more
flexible where CSI errors are modeled as random variables.
Unfortunately, a problem with outage constraint may not have
a close-form solution and is almost impossible to be dealt
with in a direct manner. To overcome this issue, a conservative probability inequality approximation that can guarantee
the satisfaction of the outage constraints has been applied
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in [31]–[33]. In several works [10]–[34], [37], [39]–[41],
a semi-definite relaxation (SDR) technique has been widely
used in various tramsmit beamforming design problems, where
a convex semi-definite programming (SDP) approximation was
directly generated. In general, the relaxed problem is not
guaranteed to obtain a rank-one solution and always acts as
a performance upper bound for the original problem [34].
In addition, the proof of a rank-two solution of the transmit
covariance matrix was presented in [28]–[30], which may
not be correct. Since it is challenging to show a rankone solution, a suboptimal solution was only provided by
adopting a conventional Gaussian randomization (GR) method
[28]–[30], [34] or a constrained concave convex procedure
(CCCP)-based scheme proposed in [36] and [37]. Nevertheless, one main disadvantage of both techniques is its poor
performance when the SDP returns a high-rank transmit
precoding matrix.
Unlike conventional GR and CCCP-based methods, to avoid
rank relaxation, the successive convex approximation (SCA)
technique [38] can provide a high-quality approximate transmit beamforming solution via solving a set of convex problems. Due to the complicated nonconvex outage constraints in
multiuser MISO interference channels in the SCA algorithm,
the original problem is successively approximated to a convex
form and the transmit beamforming solution is achieved in an
iterative manner [39]. In [40], the SDR method was studied
for a robust sum rate maximization problem in two-way relay
systems with energy harvesting, in which the SCA technique
is employed to get a Karush-Kuhn-Tucker (KKT) solution
efficiently.
Motivated by the aforementioned observations, in this paper,
we consider a system where only the statistical information of channel uncertainties is available at the transmitter.
We incorporate two different types of statistical channel uncertainty models which are more realistic compared to the normbound channel uncertainty in [28]–[30]: 1) partial channel
uncertainties which assume perfect CSI for legitimate users
and imperfect CSI for eavesdroppers and EH receivers and
2) full channel uncertainties which consider imperfect CSI for
legitimate users, eavesdroppers and EH receivers.
We formulate a robust transmit power minimization (PM)
problem subject to the secrecy rate outage probability constraint for legitimate users and the harvested power outage
probability constraint for EH receivers for both channel uncertainty models. Under various assumptions on the CSI, we seek
to design robust transmit beamforming strategies for MISO
SWIPT wiretap channels. The main contributions of this paper
are summarized as follows:
• For the two different types of statistical channel
uncertainty models, the robust PM problem with
the outage constraints is converted into a problem
with deterministic form constraint by employing the
Bernstein-type inequality [31].
• For the partial channel uncertainty model, by utilizing
a successive convex approximation (SCA) method, the
recast PM problem is transformed to a second order cone
programming (SOCP) problem, which can be directly
solved to obtain a local optimal solution.
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•

For the full channel uncertainty model, the SCA
method can also be employed to convert the concave
constraint into the liner constraint. Then, applying the
Cauchy-Schwarz inequality, the recast PM problem is
transformed again into an SOCP problem for which we
can efficiently obtain a high-quality approximate solution.
It is shown analytically that the proposed SOCP-SCA algorithm efficiently produces a beamforming solution with lower
that is a stationary point for the SDR of the original problem.
The outage-constrained PM problem with a fixed secrecy rate
target was discussed in [32] assuming that a distribution of
CSI errors is known, and a SDP algorithm was proposed to
get a feasible rank-one solution. However, it is not possible
to extend the results in [32] to general cases with multiple
legitimate user and EH receivers which are considered in this
paper.
The rest of this paper is organized as follows: Section II
presents the system model. In Section III, the statistical
channel uncertainty model and the problem formulation are
provided. Robust design methods are developed in Section IV.
Section V compares the computational complexity of the
proposed robust design methods and the conventional schemes,
and Section VI illustrates the simulation results. Finally, we
conclude the paper in Section VII.
Notation: Vectors and matrices are denoted by bold lowercase and uppercase letters, respectively. (·) H represents the
Hermitian transpose. For a vector x, x indicates the Euclidean norm. | · | defines the absolute value of a complex scalar.
C M×L and H M×L describe the space of M × L complex
matrices and Hermitian matrices, respectively. For a matrix A,
A  0 means that A is positive semi-definite, A F and tr(A)
indicate the Frobenius norm and trace, respectively, and vec(A)
stacks the elements of A in a column vector. E{·} describes
the mathematical expectation. {·} stands for the real part of
a complex number. [x]+ equals max{x, 0}. λmax (A) denotes
the maximum eigenvalue of A.
II. S YSTEM M ODEL
In this section, we consider a MISO secure broadcasting
channel with SWIPT, which consists of one multi-antenna
transmitter, K legitimate users, L eavesdroppers, and U EH
receiver. It is assumed that the transmitter is equipped with
MT transmit antennas, whereas legitimate users, eavesdroppers
and EH receivers have a single receive antenna.
The channel vectors from the transmitter to the k-th legitimate user, the l-th eavesdropper and the u-th EH receiver are
denoted by hs,k ∈ C MT ×1 , he,l ∈ C MT ×1 , and hh,u ∈ C MT ×1 ,
respectively. Then, the received signal at the k-th legitimate
user, the l-th eavesdropper and the u-th EH receiver can be
written as
H
ws + n s,k , for k = 1, . . . , K ,
ys,k = hs,k
H
ye,l = he,l
ws + n e,l , for l = 1, . . . , L,
H
yh,u = hh,u
ws, for u = 1, . . . , U,

C MT ×1

(1)

where w ∈
indicates the transmit beamforming vector
at the transmitter, s is the
data intended for the

 desired
2 )
legitimate user satisfying E |s|2 = 1, and n s,k ∼ CN (0, σs,k
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2 ) represent the noise at the k-th legitiand n e,l ∼ CN (0, σe,l
mate user and the l-th eavesdropper, respectively. Here, the
transmitter is assumed to know the noise variance and the
number of receive antenna equipped at the eavesdroppers.
Specifically, we only focus on single-cell systems and ignore
co-channel interference caused by frequency reuse. Thus,
the achieved secrecy rate at the k-th legitimate user is
expressed as

+
H
H
w|2
w|2
|hs,k
|he,l
) − max log(1 +
) , ∀k.
Rs,k = log(1 +
2
2
l
σs,k
σe,l
(2)

Also, the harvested
 H energy at the u-th EH receiver is written
w , ∀u where 0 < ζu ≤ 1 is the energy
as E u = ζu hh,u
conversion efficiency. For simplicity, we assume ζu = 1.
III. S TATISTICAL C HANNEL U NCERTAINTY
AND P ROBLEM F ORMULATION
In this section, we investigate a robust beamforming design
for systems with statistical channel uncertainties. First, we
introduce two scenarios of the channel uncertainties, and
then provide the problem formulation based on the channel
uncertainties.
A. Partial Channel Uncertainty (PCU)
In this scenario, we assume that the transmitter has perfect
knowledge of the legitimate user’s CSI, while CSI of eavesdroppers and the EH receivers is imperfect due to channel
errors. Normally, the CSI of the legitimate user is easier to
obtain compared to that of an eavesdropper, since it is often
learned through reliable training and feedback [32]. Here, the
channel vectors of the eavesdroppers and the EH receivers are
written as
he,l = ĥe,l + he,l , for l = 1, . . . , L,
hh,u = ĥh,u + hh,u , for u = 1, . . . , U,
C MT

(3)

C MT

and ĥh,u ∈
are the estimated
where ĥe,l ∈
channel vectors, and he,l and hh,u denote the
channel errors modeled as zero-mean Gaussian random
variables with covariance Ee,l and Eh,u , respectively,
i.e., he,l ∼ CN (0, Ee,l ) and hh,u ∼ CN (0, Eh,u ).
Then, the CSI uncertainty vector he,l and hh,u can be
1

1

2
2
h̃e,l and hh,u = Eh,u
h̃h,u where
expressed as he,l = Ee,l
h̃e,l ∼ CN (0, I MT ) and h̃h,u ∼ CN (0, I MT ) [35].

1

2
h̃s,k where
vector hs,k can be given as hs,k = Es,k
h̃s,k ∼ CN (0, I MT ).
In this paper, our aim is to minimize the transmit power
subject to the secrecy rate outage constraint and the harvested
energy outage constraint. Based on the above uncertainty models, the robust outage optimization problem is formulated as

w

hs,k = ĥs,k + hs,k , for k = 1, . . . , K ,

(4)

where ĥs,k ∈ C MT is the estimated channel vector,
and hs,k represents the channel errors following a distribution hs,k ∼ CN (0, Es,k ). Then, the CSI uncertainty

(5a)

s.t. Pr{Rs,k ≥ R̄} ≥ 1 − ρk,l , ∀k, l,


 H 
w ≥ Ē} ≥ 1 − ρu ,
Pr{hh,u

(5b)
(5c)

where R̄ > 0 and Ē > 0 are the given secrecy rate target
for all the legitimate users and the harvested power target for
EH receivers, respectively, and ρk,l ∈ (0, 1] and ρu ∈ (0, 1]
indicate the maximal outage probability of the secrecy rate
and the harvested power, respectively.
The outage constrained problem (5a) is known to be
computationally intractable [43]. The main challenge of
problem (5a) lies in the outage probability constraint
(5b) and (5c), which do not allow simple close-form
expressions. In the conventional methods [31], [32], the
semidefinite relaxation (SDR) technique was employed to the
robust outage-constrained problem as an SDP problem by rank
relaxation. It is noted that solving the SDP problem requires
high computational complexity and may result in relatively
poor performance if SDP returns a high-rank solution.
In the following, we will propose a SCA-based robust design
method for overcoming this challenge in problem (5a).
IV. P ROPOSED ROBUST D ESIGNS
A. Partial Channel Uncertainty
In this subsection, we propose a robust design method for
systems where perfect CSI for legitimate users is known to
the transmitter. First, the Bernstein-type inequality is applied
to convert the outage constraint into the deterministic form.
Also, the SCA method is employed to convexify the concave
part of a convex-concave function via restriction approximation techniques [38]–[40], [43], [47]. Then, utilizing SOCP
relaxation, we reformulate the PM problem (5a) as an SOCP
problem and develop an SOCP-SCA method to obtain a local
optimal beamforming solution.
First, we derive the secrecy rate outage probability in (5b) as
H

H
w|2 
|hs,k


|(ĥe,l + he,l ) w|2 
− log 1 +
≥ R̄}
Pr{log 1 +
2
2
σs,k
σe,l
H

H
H
ww H he,l +2{he,l
ww H ĥe,l }+ ĥe,l ww H ĥe,l
= Pr{he,l

B. Full Channel Uncertainty (FCU)
In this scenario, we consider the case of imperfect CSI
for legitimate users, eavesdroppers and EH receivers. Thus,
in addition to the channels models in (3), the channel vector
for the legitimate users is determined as

w2

min

≤

2
2− R̄ σe,l
2
σs,k

H
2
σs2 + hs,k
ww H hs,k − σe,l
}.

Then, the secrecy rate outage constraint (5b) is given as
H

1

1

H

1

H

2
2
2
Pr h̃e,l Ee,l
h̃e,l + 2{h̃e,l Ee,l
ww H Ee,l
ww H ĥe,l }+ ĥe,l ww H ĥe,l

−

2
2− R̄ σe,l

2
H
2
+ w H hs,k hs,k
w + σe,l
≥0
σs,k
2
σs,k
≤ ρk,l , ∀k, l.

(6)
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Also, the harvested energy outage probability in (5c) can
be rewritten as


Pr |hh,u w|2 ≥ Ē
 H
H
= Pr hh,u
ww H hh,u + 2{hh,u
ww H ĥh,u }

H
+ ĥh,u ww H ĥh,u ≥ Ē
1
1
 H 12
H
2
2
= Pr h̃h,u Eh,u
ww H Eh,u
ww H ĥh,u }
h̃h,u + 2{h̃h,u Eh,u

H
+ ĥh,u ww H ĥh,u ≥ Ē , ∀u.
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Then, we employ the SCA technique for the second-order
cones (SOC) constraints (9a) and (10b) to achieve convex
approximations.
Let w0 be an initial feasible point. Then, substituting
w  w0 + w into the left-hand side of (9a) and (10b),
we can get
H

w H (Eh,u + ĥh,u ĥh,u )w
H

= (w0 + w) H (Eh,u + ĥh,u ĥh,u )(w0 + w)
H

≥ w0H (Eh,u + ĥh,u ĥh,u )w0

Thus, we can convert the outage constraint (5c) into

H

+ 2{w0H (Eh,u + ĥh,u ĥh,u )w},

1
1
 H 12
H
2
2
ww H Eh,u
ww H ĥh,u }
Pr h̃h,u Eh,u
h̃h,u + 2{h̃h,u Eh,u

H
+ ĥh,u ww H ĥh,u ≥ Ē ≥ 1 − ρu , ∀u.
(7)

Here, (6) and (7) are still outage constraints and are hard to
deal with. Now, we apply the Bernstein-type inequalities [31]
to provide a conservative approximation of (6) and (7).
Lemma 1 (Bernstein-Type Inequalities): Assuming that
f ∈ Cn×1 is distributed as CN (0, I), consider g(f ) = f H Uf +
2R{u H f }, where U ∈ Hn×n and u ∈ Cn×1 . Then for any
nonnegative number σ ∈ (0, 1], we have

w

H

(11)

H
hs,k hs,k
w

H
= (w0 + w) H hs,k hs,k
(w0 + w)
H
H
w0 + 2{w0H hs,k hs,k
w},
≥ w0H hs,k hs,k

(12)

where (11) and (12) are derived by dropping the quadratic
H
H
w, respectively.
form w H (Eh + ĥh ĥh )w and w H hs,k hs,k
According to (11) and (12), we then obtain linear approximations of the concave constraints (9a) and (10b) as
H

H

Pr{g(f ) ≥ tr(U) +

2δ(U2F + 2u2 ) + σ s + (U)} ≤ e−σ ,

w0H (Eh,u + ĥh,u ĥh,u )w0 + 2{w0H (Eh,u + ĥh,u ĥh,u )w}

≥ −2 ln ρu n u − m u ln ρu + Ē,
(13a)

Pr{g(f ) ≤ tr(U) −

2δ(U2F + 2u2 ) − σ s − (U)} ≤ e−σ ,

2
2− R̄ σe,l

s + (U)

s − (U)

where
= max{λmax (U), 0}, and
=
max{λmax (−U), 0}.

Adopting Lemma 1, we change the outage constraints (6)
and (7) into the deterministic form as
H

w H (ĥe,l ĥe,l + Ee,l )w + sk,l ≤

2
2− R̄ σe,l
2
σs,k

H
w H hs,k hs,k
w,



2

1 2
 12

 1
E ww H E 2  + 2 E 2 ww H ĥe,l  ≤ qk,l ,
e,l 
 e,l

 e,l

(8a)

1

F

1
2

(9c)
m u I + Eh,u ww H Eh,u  0, m u ≥ 0, ∀u,
  

where pk,l , qk,l , n u , and m u are slack variables and

2 − 2− R̄ σ 2 .
sk,l = −2 ln ρk,l qk,l − pk,l ln ρk,l + σe,l
e,l
H

H
It is observed that w H hs,k hs,k
w and w H (Eh,u + ĥh,u ĥh,u )w
are the concave part of constraints (8a) and (9a). First, we
examine the first constraint of (8) and (9). Introducing a
variable tk,l , we can rewrite (8a) as
H
w (ĥe,l ĥe,l + Ee,l )w + sk,l ≤ tk,l ,
2
2− R̄ σe,l
H
w H hs,k hs,k
w ≥ tk,l .
2
σs,k
H

(13b)

Next, we check the second constraint of (8) and (9a).
To change into the convex form, their equivalent forms are
given as


2

1 2
 12

 1
E ww H E 2  + 2 E 2 ww H ĥe,l 
e,l 
 e,l

 e,l
H

(8b)

2
2
pk,l I − Ee,l
ww H Ee,l
 0, pk,l ≥ 0, ∀k, l,
(8c)

H
w H (Eh,u + ĥh,u ĥh,u )w ≥ −2 ln ρu n u − m u ln ρu + Ē,
(9a)

2
2

1 
 12

 1
E ww H E 2  + 2 E 2 ww H ĥh,u  ≤ n u ,
(9b)
h,u 
 h,u

 h,u
1
2

H
H
(w0H hs,k hs,k
w0 + 2{w0H hs,k hs,k
w}) ≥ tk,l .

F

F

1

2
σs,k

(10a)
(10b)

= w H Ee,l ww H (Ee,l + ĥe,l ĥe,l )w ≤ qk,l , ∀k, l,


2

1 2
 12

 1
E ww H E 2  + 2 E 2 ww H ĥh,u 
h,u 
 h,u

 h,u

(14a)

F

=

w H Eh,u ww H (Eh,u

H

+ ĥh,u ĥh,u )w ≤ n u , ∀u.

(14b)

Introducing xl , yl , au , and bu are slack variables, we can
express the above inequations (14a) and (14b) as
w H Ee,l w ≤ e2xl ,
H
w (Ee,l + ĥe,l ĥe,l )w ≤ e2yl ,
e xl +yl ≤ qk,l ,
w H Eh,u w ≤ e2au ,
H
w H (Eh,u + ĥh,u ĥh,u )w ≤ e2bu ,
eau +bu ≤ n u .
H

(15a)
(15b)
(15c)
(16a)
(16b)
(16c)

Let us define xl (q), yl (q), au (q), and bu (q) as the
variables xl , yl , au , and bu at the q-th iteration for an SCA
iterative algorithm. By employing an approximate expression
e xl (q) (xl − xl (q) + 1) ≤ e xl , we transform the non-convex
constraint (15) and (15d) to their corresponding convex
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Algorithm 1 Proposed SOCP-SCA Robust Design
Set the iteration number q = 0 and initialize w0 as a feasible
point.
Repeat
• Solve problem (20) with wq and denote a solution w
by w∗ .
• Set wq+1 = w∗ and update the iteration number
q ← q + 1.
Until Convergence

By considering all the channel uncertainties in (4), the secrecy
rate outage probability in (5b) can be written as
H


|(ĥs,k + hs,k ) w|2 
Pr log 1 +
2
σs,k

|(ĥe,l + he,l ) H w|2 
≥ R̄
− log 1 +
2
σe,l
1
2
H
= Pr
hs,k H ww H hs,k + 2 {hs,k
ww H ĥs,k }
2
σs,k
σs,k

approximations as
w H Ee,l w ≤ e2xl (q) (2xl − 2xl (q) + 1),

(17b)

(18b)

≥ 2 R̄ − 1},

(18c)

1

w H Ee,l w ≤ pk,l .

(19)

H

R̄

− σ22

e,l


T
T T
, W̄ = diag{ σ12 ww H ,
hs,k
he,l
s,k


T
T T
ww H }, and ĥk,l = ĥs,k ĥe,l .
H

Problem (20) is an SOCP problem and can be directly
solved by CVX tools which are more efficient than SDP [42].
Suppose that w∗q is the optimal solution at the q-th iteration.
Then, The optimal solution w∗q+1 is updated as w∗q+1 = w∗q
until the algorithm converges. We summarize the SOCPSCA robust design in Algorithm 1. Note that the iterative
SCA algorithm may have a convergence issue as the approximation counterparts may cause divergence. Now, we prove
the convergence property of Algorithm 1 in the following
theorem.
Theorem 1: Denoting f q∗ (w∗q ) as the optimal objective at
∗ (w∗ ). Thus,
the q-th iteration, we have f q∗ (w∗q ) ≥ f q+1
q+1
as q grows, w approaches 0 and Algorithm 1 will
converge.
Proof: See Appendix A.

B. Full Channel Uncertainty (FCU)
In this subsection, we consider the case where all the
channel knowledge are imperfect. We will extend our robust
design in the previous subsection to the case where only
a distribution of all CSI is available at the transmitter.

H

1

H

1

s.t. (10a), (13), (17), (17d), (19), w = w − wq . (20)



Defining h̃k,l  [ h̃s,k h̃e,l ] H , the outage constraint (5b) can
be recast as
1

R̄

1

1

2
2
2
2
Pr h̃k,l diag{ σ12 Es,k
ww H Es,k
, − 2σ 2 Ee,l
ww H Ee,l
}h̃k,l

2
2
Eh,u
ww H Eh,u
 0 is valid. According to equations from
(6) to (19), we propose an SOCP-SCA robust design iterative
algorithm. Let us denote wq as a given transmit beamforming solution obtained at the q-th iteration. At the (q+1)-th
iteration, problem (5a) can be thus reformed as

w

(21)
=

where hk,l

Also, it is easy to see that the constraint (8i) m u I +

min

2 R̄+1
2 R̄ H
H
H
ĥ
ĥ ww H ĥe,l ≥ 2 R̄ −1
{h
ww
}
−
e,l
e,l
2
2 e,l
σe,l
σe,l

H
H
= Pr{hk,l
W̄hk,l + 2{hk,l
W̄ĥk,l } + ĥk,l W̄ĥk,l

2
2
ww H Ee,l
 0 is equivalent to
The constraint (8c) pk,l I − Ee,l

w, { pk,l }, {qk,l }, {tk,l }, {n u }, {m u }, {xl }, {yl }, {au }, {bu }

−

(17c)
(18a)

At last, we consider the third constraints of (8) and (9a).

1

2 R̄
1 H
H
ĥ
ĥ
ww
−
he,l H ww H he,l
s,k
s,k
2
2
σs,k
σe,l

(17a)

H
w (Ee,l + ĥe,l ĥe,l )w ≤ e2yl (q) (2yl − 2yl (q) + 1),
e xl +yl ≤ qk,l ,
w H Eh,u w ≤ e2au (q) (2au − 2au (q) + 1),
H
w H (Eh,u + ĥh,u ĥh,u )w ≤ e2bu (q) (2bu − 2bu (q) + 1),
eau +bu ≤ n u .
H

1

+

s

+

e

1

1

R̄
2
2
diag{ σ12 Es,k
ww H , − 2σ 2 Ee,l
ww H }ĥk,l
s
e

− 2 R̄

H

+ ĥk,l W̄ĥk,l + 1 ≥ 0 ≥ 1 − ρk,l , ∀k, l,

(22)

which can be equivalently given as
H

H

Pr{h̃k,l Ck,l h̃k,l + h̃k,l ck,l ≤ ek,l } ≤ ρk,l , ∀k, l,



ck,l =
H

1



=

where Ck,l

1

1

1

2
2
2
2
diag{ σ12 Es,k
ww H Es,k
, − σ22 Ee,l
ww H Ee,l
},
1
2

s,k

1

R̄
2
diag{ σ 2 Es,k ww H , − σ22 Ee,l
ww H }ĥk,l ,
s,k
e,l

1

R̄

(23)

e,l



and ek,l = 2 R̄ −

ĥk,l W̄ĥk,l − 1.
Applying Lemma 1 and defining {x k,l } and {yk,l } as slack
variables, the outage constraint (23) can be changed to the
deterministic form (24) on the bottom of next page.
By introducing a variable rk,l , the first constraint (24a) can
be rewritten as
rk,l ≥

2 R̄ H
H
w (ĥe,l ĥe,l + Ee,l )w + dk,l ,
2
σe,l

1 H
H
w (ĥs,k ĥs,k + Es,k )w ≥ rk,l ,
2
σs,k

(25a)
(25b)


where dk,l = −2 ln ρk,l x k,l − yk,l ln ρk,l + 2 R̄ − 1. Adopting
a similar method with (10b), the SCA method is employed
to transform the concave constraint (25b) into the following
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linear constraint

obtained as

1 H
H
w (ĥs,k ĥs,k + Es,k )w
2
σs,k
1
H
= 2 (w0 + w) H (ĥs,k ĥs,k + Es,k )(w0 + w)
σs,k
1
H
≥ 2 w0H (ĥs,k ĥs,k + Es,k )w0
σs,k

√
2w2 bk,l ≤ x k,l , and it follows
1

1

1

2
2
2 4 w bk,l
≤ x k,l
.

(29)

Also, we can observe that the last constraint (24c) is always
valid.
Combining all the results in (22)-(29), problem (5a) at the
(q+1)-th iteration can be reformed as
min

H

+ 2{w0H (ĥs,k ĥs,k + Es,k )w}
≥ rk,l ,
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w, {x k,l }, {yk,l }, {rk,l }, {n u }, {m u }, {au }, {bu }

(26)

w

s.t. (13a), (17d), (25a), (26), (29), w = w − wq .
(30)

where (26) is derived by removing the quadratic form
H
w H (ĥs,k ĥs,k + Es,k )w.
Next, for the second constraint (24b), applying the
Cauchy-Schwarz inequality, we can obtain its convex
approximation
(27)


 on the bottom of this page. Here,
diag ww H , ww H  can be expressed as
F





diag ww H , ww H 
F





H
= tr diag ww , ww H diag ww H , ww H



= tr diag ww H ww H , ww H ww H


= 2tr ww H ww H
√
(28)
≤ 2w2 .



Defining wk,l
 tr diag Es,k , Ee,l

and bk,l
2

2 + 2w ĥ  , a more tractable form of (24b) is
wk,l
k,l
k,l

Problem (30) is again an SOCP problem, which can be solved
by CVX [44]. Therefore, the convergence property of this
algorithm can be proved similarly to Theorem 1 and thus its
proof is omitted.
V. C OMPUTATIONAL C OMPLEXITY
In this section, we evaluate the computational complexity of the proposed robust design methods. As will be
shown in Section VI, the SOCP-SCA algorithm exhibits
gains in terms of both computational complexity and performance compared to the conventional SDP-GR algorithm and
SDP-CCCP algorithm [48].
Now, we will present the complexity comparison by adopting the analysis in [31]. The complexities of all algorithms are
shown in Table I on the top of next page. Here, we denote
n, L max and Q max as the number of decision variables, the
CCCP and SCA iteration number, respectively.


1 H
H
H
2 R̄
w (ĥs,k ĥs,k + Es,k )w − 2 w H (ĥe,l ĥe,l + Ee,l )w − −2 ln ρk,l x k,l + yk,l ln ρk,l ≥ 2 R̄ −1,
2
σ
σe,l
s,k
2

2








1
1
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1 12
2 R̄ 12
1 12




2
2
H
H
H
H
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E
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E
,
−
E
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E
+
2
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E
ww
,
−
E
ww
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e,l
e,l 
s,k
e,l
2
2
2
2
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σe,l
σs,k
σe,l
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1
1
1 12
2 R̄ 21
2
2
 0, yk,l ≥ 0, ∀k, l,
yk,l I2MT + diag
Es,k ww H Es,k
, − 2 Ee,l
ww H Ee,l
2
σs,k
σe,l

(24a)

(24b)
(24c)
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2
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1
1
1
1
1
2
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2
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E
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2
2
2
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1
1
1 12
2
2
1

 



2
2
2
≤ diag
Es,k ww H , − 2 Ee,l
ww H  ⎝diag
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(27)
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TABLE I
C OMPLEXITY A NALYSIS OF D IFFERENT A LGORITHMS

1) SOCP-SCA for PCU in problem (20) involves
2K L + 2L + 2U SOCs of dimension MT + 1 and 2K L + 2U
linear constraints.
2) SDP-GR for PCU has K L + U SOCs constraints of
dimension MT2 + MT + 1, K L + U + 1 LMI constraints of
size MT , and 2K L + 2U linear constraints.
3) SDP-CCCP for PCU consists of K L + U SOCs constraints of dimension MT2 + MT + 1, K L + U LMI constraints
of size MT , one LMI constraint of size 2MT + 1, and
2K L + 2U + 1 linear constraints.
4) SOCP-SCA for FCU in problem (30) involves 2K L +2U
SOCs of dimension MT + 1 and K L + 2U linear constraints.
5) SDP-GR for FCU contains K L SOCs constraints of
dimension 2MT2 + 2MT + 1, U SOC constraint of dimension
MT2 + MT + 1, K L LMI constraints of size 2MT , U + 1 LMI
constraints of size MT , and 2K L + 2U linear constraints.
6) SDP-CCCP for FCU is made up of K L SOCs constraints
of dimension 2MT2 +2MT +1, U SOC constraint of dimension
MT2 + MT + 1, K L LMI constraints of size 2MT , U + 1 LMI
constraints of size MT , one LMI constraint of size 2MT +
2U + 1, and 2K L + 3 linear constraints.
For example, for a system with K = 2, L = 2,
U = 2, MT = 5, and L max = Q max = 10, the complexities of
the SOCP-SCA, SDP-GR and SDP-CCCP algorithms for the
PCU case are O(2.42×106 ), O(2.64×106) and O(2.94×108),
respectively, while those for the FCU case are O(1.50 × 106 ),
O(7.37 × 107 ) and O(6.08 × 108 ), respectively.
VI. S IMULATION R ESULTS
In this section, we provide the simulation results to validate
the performance of our proposed algorithms. We consider a
system with two legitimate users, two eavesdroppers and two
EH receivers. The transmitter is equipped with six transmit
antennas (MT = 6). We assume the channel models with both
large-scale and small-scale fading. The
−αsimplified large-scale
fading model is expressed as D = dd0
, where d represents
the distance between the transmitter and the receiver, d0 is the
reference distance set to be 1 m, and α = 3 equals the path
loss exponent [45]. We define ds = 12 m as the distance
between the transmitter and the legitimate users, de = 6 m
as the distance between the transmitter and the eavesdroppers,
and dh = 4 m as the distance between the transmitter and the

Fig. 1. Average transmit power w.r.t. iteration numbers for the SOCP-SCA
algorithm with various E.

EH receiver as in [23], unless specified otherwise. All channel coefficients are modelled as Rician fading. The channel
KR
1
h L O S + 1+K
hN L O S ,
vector hs,k is given as hs,k = 1+K
R s,k
R s,k
LOS
where hs,k
indicates the line-of-sight (LOS) component with
LOS 2
N LOS
represents the Rayleigh fading comhs,k  = D, hs,k
N LOS
ponent as hs,k
∼ CN (0, DI), and K R is the Rician factor
equal to 3. For the LOS component, we apply the far-field
uniform linear antenna array to model the channels in [46].
2 = σ 2 = −60 dBm
For simplicity, it is assumed that σs,k
s
2 = σ 2 = −60 dBm for ∀l, k. In addition, we define
and σe,l
e
the outage probability as ρk,l = 0.05, ∀k, l, and ρe = 0.05,
and the channel error covariance matrix as Es,k = Es = εs2 I,
Ee,l = Ee = εe2 I, and Eh,u = εh2 I for ∀k, l, u. In our
simulations, we compare the following transmit designs: the
SDP-GR algorithm, the SDP-CCCP algorithm, the proposed
SOCP-SCA algorithm, and the perfect CSI case where the
channel error is set to zero.
Fig. 1 illustrates the convergence performance of the
SOCP-SCA algorithm with respect to iteration numbers. Here,
we set Ē = E, R̄ = 1 bps/Hz, and εs = εe = εh = 0.01. It is
easily seen from the plots that the convergence of all cases can
be quickly achieved within 14 iterations, and the convergence
speed becomes fast as E increases. It is observed that the
PCU schemes converges slower than the FCU schemes for
the SOCP-SCA regardless of E. This is due to the fact that
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Fig. 2. Average transmit power with respect to the harvested power for FCU.
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Fig. 4. Average transmit power with respect to the harvested power for PCU.

Fig. 5.
Average transmit power with respect to the target secrecy rate
for PCU.
Fig. 3.
Average transmit power with respect to the target secrecy rate
for FCU.

the number of variables in the PCU scheme is greater than the
FCU scheme for the SOCP-SCA algorithm.
For the FCU case, we present the performance of all
robust algorithms in terms of the average transmit power in
Figures 2 and 3. Fig. 2 evaluates the performance among the
proposed robust algorithms with R̄ = 0.5 bps/Hz by averaging
the transmit power over 500 feasible channel realizations. We
can check that the proposed SOCP-SCA algorithm requires
lower average transmit power than the conventional SDP-GR
and SDP-CCCP algorithms. Performance gains of the SOCPSCA algorithm with ε = 0.01 and 0.1 over the SDP-GR
algorithm are 6.1 dB and 8.2 dB, respectively, while those over
the SDP-CCCP algorithm are 5.1 dB and 4.3 dB, respectively.
Fig. 3 compares the average transmit power with respect
to the target secrecy rate with E = 3 dBm. It is observed
that the transmit power for the perfect CSI scheme grows
slower than all the robust schemes as R̄ increases. We can
see that for ε = 0.05 and 0.15, the SOCP-SCA algorithm outperforms the SDP-GR and the SDP-CCCP algorithms. Also, a performance gain of the SOCP-SCA algorithm
over the SDP-GR and SDP-CCCP grows as R̄ increases.
For ε = 0.15, the performance gap between the SOCP-SCA
and the conventional algorithms becomes large at high secrecy
rate region. This is because higher-rank solutions may be
returned in the SDP-GR algorithm.

For the PCU case, the transmit power performance is plotted
in Fig. 4 with R̄ = 0.5 bps/Hz. One can observe from
Fig. 4 that the average transmit power increases as the harvested power becomes large. Also, the performance gains of
SOCP-SCA algorithm with ε = 0.01 and 0.1 over the SDP-GR
algorithm are 6.1 dB and 7.2 dB at all harvested power region,
respectively, while those over the SDP-CCCP algorithm
are 3.8 dB and 4.1 dB, respectively.
Also, in Fig. 5, the transmit power is illustrated with
E = 2 dBm. We can see that the SOCP-SCA algorithm with
ε = 0.05 outperforms the SDP-CCCP algorithm by 4.3 dB,
and the performance gains of the SOCP-SCA over the SDPGR algorithm become larger as the target secrecy rate increase.
Similarly, for the ε = 0.15 case, the performance gap between
the SOCP-SCA and the SDP-GR algorithms grows at high
secrecy rate region.
Fig. 6 compares the average central processing unit
(CPU) execution time of the proposed algorithms and the
conventional schemes for a given channel realization with
various MT on a personal computer.1 Here, we set that
R̄ = 1 bps/Hz and E = 20 dBm. It is observed that the
SOCP-SCA algorithm requires shorter CPU running time
than the conventional scheme at all MT region. Also, the
difference in the execution time between the SOCP-SCA and
1 All the modelling and solutions of the algorithms are performed using the
CVX tool [44] on a desktop Intel Core i7-4700HQ CPU running at 2.4 GHz
with 4 GB RAM. The version of Matlab is R2010a.
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the full channel uncertainty model. Finally, simulation results
have shown that the proposed robust designs outperforms the
conventional scheme with reduced complexity.
A PPENDIX
P ROOF OF T HEOREM 1
The convergence result of Algorithm 1 has been studied
in [47], which is briefly presented here for the sake of completeness. From (10)-(13), we have the following inequalities
for the (q+1)-th iteration.
2
2− R̄ σe,l
2
σs,k

≥

Fig. 6. Average CPU execution time with respect to the number of transmit
antennas.

H
w H hs,k hs,k
w

2
2− R̄ σe,l

2
σs,k
≥ tk,l ,

w

H

H ∗
∗H
H
(w∗H
q hs,k hs,k wq + 2{wq hs,k hs,k w})

(31a)

H
(Eh,u + ĥh,u ĥh,u )w
H

∗
≥ w∗H
q (Eh,u + ĥh,u ĥh,u )wq
H

+ 2{w∗H
q (Eh,u + ĥh,u ĥh,u )w}

≥ −2 ln ρu m − n ln ρu + Ē,

Fig. 7.

Feasibility rate with respect to channel uncertainties.

conventional algorithm becomes big as MT increases. For
example, with MT = 8, the running time of the SOCP-SCA
is only 59.6% and 32.7% of the SDP-GR and SDP-CCCP,
respectively.
Finally, we present the feasibility rates of all design
schemes in Fig. 7, where the simulation results are obtained
over 1000 channel realizations with ρk,l = ρe = 0.05,
R̄ = 0.5 bps/Hz and E = 5 dBm. In this plot, one can
see that the feasibility rate of the SOCP-SCA algorithm is
higher than that of the SDP-CCCP scheme for FCU. This
is due to the introduction of less variables compared to the
conventional SDP-CCCP scheme. With the increase of channel
uncertainties, the feasibility rate of all schemes decline.
VII. C ONCLUSION
In this paper, we have studied robust secure beamforming
designs for secure broadcasting channels in MISO SWIPT
systems under different statistical channel uncertainty models.
Our aim is to minimize the transmit power subject to the
secrecy rate outage probability constraint and the harvested
energy outage probability constraint. In order to obtain a rankone solution, we have proposed an SOCP-SCA robust design
scheme with low-complexity for partial channel uncertainty
case. Moreover, we have extended the proposed algorithm to

(31b)

which are conservative convex approximations with
w∗q+1 = w∗q + w.
Due to the linear approximations adopted in (31), the
updating rule in Algorithm 1 ensures that w∗q is feasible to
the optimization problem at the (q+1)-th iteration. Thus,
∗ (w∗ ) ≤ f ∗ (w∗ ). In other
it immediately holds that f q+1
q
q
q+1
words, Algorithm 1 yields a non-increasing sequence of
objective values. Because of the secrecy rate constraint and
harvested energy constraint, problem (20) is bounded, and thus
Algorithm 1 is guaranteed to converge to some local optimum
∗ (w∗ ).

solution, i.e., w = 0 and f q∗ (w∗q ) = f q+1
q+1
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