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Abstract—Consider a multiple-input multiple-output (MIMO)
beamforming system, where a multi-antenna base station trans-
mits information and energy simultaneously to a multi-antenna
information receiver (IR) and a number of multi-antenna energy
receivers (ERs). The ERs are assumed to possess dual func-
tionality such that they can also decode information. This gives
rise to the physical layer security issue of providing confidential
information to the IR while ensuring efficient energy harvesting
for the ERs. Hence, we employ an artificial noise (AN)-aided
secrecy approach at the transmitter, where the AN improves the
security by interfering with the information decoding at the ERs
while, at the same time, providing them with wireless energy
to harvest. In this paper, we address the problem of jointly
optimizing the beamforming matrix for the IR and the covariance
matrix of the AN such that the secrecy rate is maximized subject
to energy harvesting constraints and a total power constraint.
The corresponding optimization problem is a difference of convex
functions (DC) programming problem, which is generally non-
convex. Nevertheless, we propose an alternating optimization
(AO) strategy to tackle this problem for the cases of a square
and a non-square IR channel. The performance of the proposed
algorithms is demonstrated by simulation results.

I. INTRODUCTION

Energy harvesting wireless systems, where terminals have

access to external energy supplies to prolong their opera-

tion time, have recently drawn considerable attention [1]. A

new energy supply source has emerged in form of energy-

carrying radio signals that provide electromagnetic energy for

receivers to harvest. Only very recently, this concept of energy

transmission has been combined with wireless information

transmission, termed simultaneous wireless information and

power transfer (SWIPT) [2], [3]. In a typical SWIPT scenario,

a base station (BS) transmits RF signals to a set of information

receivers (IRs), which decode the information, and a set of

energy receivers (ERs) that harvest the signal energy.

Due to the twofold purpose of information and energy trans-

mission, the SWIPT concept gives rise to a new information

security issue of providing confidential information to the

IR while ensuring efficient energy harvesting for a group of

ERs [4]. Specifically, a dual-functional ER, which has both

information decoding and energy harvesting capabilities, can

eavesdrop the confidential information intended for the IRs.
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Fig. 1. MIMO SWIPT system with a single IR and K ERs.

Therefore, a physical layer secrecy strategy is employed at the

BS to prevent the ERs from overhearing the communication

channel to the IRs.

Without the energy transfer, several physical layer secrecy

approaches [5]-[8] have recently been proposed and studied for

multiple-input multiple-output (MIMO) networks. Addition-

ally, the concept of transmitting artificial noise (AN) has been

introduced to increase the secrecy rate in MIMO networks [9],

[10]. Note that AN is not necessary in the single eavesdropper

scenario, where a no-AN transmission with complex Gaussian

signaling has been shown to achieve the secrecy capacity

[5]. However, AN is very effective in improving the secrecy

rate for multiple eavesdroppers. By designing the covariance

matrix of the AN component, artificial interference can be di-

rected towards the eavesdroppers to degrade their information

reception and decoding abilities.

In the SWIPT beamforming scenario, the optimization

problem is to design the transmit beamforming matrix by

maximizing the secrecy rate under energy harvesting con-

straints and a total power constraint. However, this problem

belongs to the class of difference of convex functions (DC)

programming problems, which are generally non-convex [11].

The authors of [4] have recently considered an AN-aided

SWIPT multiple-input single-output (MISO) beamforming

system with a single-antenna IR and multiple single-antenna

ERs, and proposed an optimal beamforming design for this

scenario. In the SWIPT context, the use of AN has a dual

purpose: It interferes with the ERs to improve the secrecy rate

of the system while simultaneously carrying wireless energy

for the ERs to harvest.
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In this paper, we study a more general MIMO beamforming

system consisting of a BS, a single IR, and a group of ERs,

all equipped with multiple antennas as depicted in Fig. 1.

Assuming perfect channel state information (CSI), an AN-

aided secrecy approach is employed at the BS. We develop

an alternating optimization algorithm to address the non-

convex secrecy rate maximization problem subject to energy

harvesting constraints at the ERs and a total power constraint

by jointly optimizing the beamforming matrix for the IR and

the covariance matrix of the AN. For the presented algorithm,

we consider the two cases of a square IR channel and a non-

square IR channel, where the number of antennas at the BS

exceeds that of the IR. We show that by additional precoding,

the latter case can be reduced to the former such that the

proposed algorithm is applicable in both scenarios. Finally,

the performance is demonstrated via simulation results.

II. SYSTEM MODEL

Consider the MIMO broadcast system shown in Fig. 1,

where a BS with Nb antennas transmits a signal to a legitimate

IR with Ni antennas and to K eavesdropping ERs each with

Nek antennas, where k = 1, . . . ,K. It is generally assumed

that the ERs are positioned closer to the BS so that they

can harvest enough energy. In order to prevent the ERs from

decoding the confidential information intended for the IR, we

employ an AN-aided transmit beamforming secrecy approach

at the transmitter. Therefore, the Nb × 1 transmit baseband

signal can be expressed as

x = Ws+ z, (1)

where W ∈ C
Nb×d denotes the beamforming matrix and

s ∈ C
d×1 is the transmit symbol vector comprising d data

streams to the IR. The symbol vector s is assumed to contain

independent identically distributed (i.i.d.) Gaussian random

variables, i.e., s ∼ CN (0, Id). Moreover, z ∈ C
Nb×1 is the

AN component with z ∼ CN (0,Z), where the covariance

matrix is defined by Z = E{zzH}. Note that the purpose

of the AN component is twofold as it interferes with the

information reception of the ERs while, at the same time,

providing them with wireless energy they can harvest. The

total transmit power at the BS is constrained by

E{xHx} = Tr
{

WWH +Z
}

≤ P, (2)

where P is the maximum allowable transmit power.

Assuming quasi-static full-rank flat-fading channels, the

received signals at the IR and the k-th ER are given by

yi = Hx+ ni ∈ C
Ni×1, (3a)

yek = Gkx+ nek ∈ C
Nek

×1, k = 1, . . . ,K, (3b)

where H ∈ C
Ni×Nb and Gk ∈ C

Nek
×Nb represent the

respective MIMO channels from the BS to the IR and from the

BS to the k-th ER. Moreover, ni ∈ C
Ni×1 ∼ CN (0Ni

, σ2
i INi

)
and nek ∈ C

Nek
×1 ∼ CN (0Nek

, σ2
ek
INek

) are the additive

white Gaussian noise vectors at the IR and the k-th ER with

the variances σ2
i and σ2

ek
, respectively.

Based on the assumption that perfect CSI is available at

the transmitter, we can maximize the achievable secrecy rate

by jointly optimizing the transmit beamforming matrix W

and the AN covariance matrix Z. The secrecy rate for the

transmission from the BS to the IR, where the k-th ER is

taken into account has been shown to be [12]

Rsk(W ,Z) = Ci(W ,Z)− Cek(W ,Z), (4)

where

Ci(W ,Z) = ln |INi
+ (σ2

i INi
+HZHH)−1HWWHHH |

Cek(W ,Z) = ln |INek
+ (σ2

ek
INek

+GkZGH
k )−1

·GkWWHGH
k |.

To guarantee a sufficient energy transfer to each of the ERs,

an energy harvesting constraint is employed, which, for the

k-th ER, is given by [3]

ηkTr{Gk(WWH +Z)GH
k } ≥ Ek, (5)

where 0 ≤ ηk ≤ 1 is the energy harvesting efficiency and Ek

is the harvesting power target level at the k-th ER.

Then, the secrecy rate maximization problem for the SWIPT

system under consideration can be formulated as follows:

R⋆
s = max

W ,Z
min

k=1,...,K
Rsk(W ,Z) (6)

s.t. ηkTr{Gk(WWH +Z)GH
k } ≥ Ek, ∀k

Tr{WWH +Z} ≤ P,

WWH � 0Nb
, Z � 0Nb

,

where the goal is to maximize the worst secrecy rate among

all the ERs.

The objective function in (6) contains a difference of

concave functions. Thus, problem (6) belongs to the class of

DC programming problems, which is generally non-convex.

Specifically, problem (6) is not only jointly non-convex in

the variables (W ,Z) but also non-convex in either of the

variables if the other one is fixed. The authors of [6] have

recently proposed an alternating optimization approach for the

transmit covariance design in MIMO wiretap channels without

energy transfer. By introducing a new optimization variable,

the original problem is decomposed into two separable convex

problems that are solved in an alternating manner. Here, we

extend this method to the case of simultaneous energy transfer

in a MIMO beamforming system.

III. PROPOSED ALTERNATING OPTIMIZATION ALGORITHM

In this section, we present the alternating optimization

algorithm to address the MIMO SWIPT secrecy maximization

problem in (6). We consider the cases of a square channel

matrix H with Nb = Ni and a non-square channel matrix with

Nb > Ni that often occurs in practice and provide solutions

for both scenarios.
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A. Square Channel Matrix (Nb = Ni)

If the channel H is full-rank and square, i.e., Nb = Ni,

according to d ≤ min{Nb, Ni}, we can transmit at most d =
Nb = Ni data streams. Thus, the beamforming matrix W is

also a square Nb×Nb matrix. By defining X
∆
= WWH , we

can express the secrecy rate maximization problem in (6) as

max
X,Z

min
k=1,...,K

Rsk(X,Z) (7)

s.t. ηkTr{Gk(X +Z)GH
k } ≥ Ek, ∀k

Tr{X +Z} ≤ P,

X � 0Nb
, Z � 0Nb

,

which is still a DC programming problem and therefore non-

convex. Note that if W is square, no low-rank constraint

is required for the definition of X . The resulting rank of

X after the optimization determines the optimal number of

data streams in W . Similarly to [6], we introduce a new

optimization variable to decompose the problem (7) into two

separable convex problems that are solved in an alternating

manner. To this end, we apply the following lemma [13]:

Lemma 1. For any matrix E ∈ C
N×N with E ≻ 0, the

following identities hold:

ln |E−1| = max
S�0

ln |S| − Tr{SE}+N, (8)

− ln |E−1| = min
S�0

Tr{SE} − ln |S| −N, (9)

where S ∈ C
N×N and the optimal solution to the right-hand

sides of (8) and (9) is S⋆ = E−1.

Applying Lemma 1 to the objective function of (7) and

using the epigraph form [14], we obtain an equivalent formu-

lation of problem (7) as

max
X,Z,{Sℓ}K

ℓ=0
,τ

τ (10)

s.t. Ci(X,Z,S0)− Cek(X,Z,Sk) ≥ τ, ∀k

ηkTr{Gk(X +Z)GH
k } ≥ Ek, ∀k

Tr{X +Z} ≤ P, X � 0Nb
, Z � 0Nb

,

where Ci(X,Z,S0) and Cek(X,Z,Sk) are given by [6]

Ci(X,Z,S0) = ln |σ2
i INi

+H(X +Z)HH |

− Tr{S0(σ
2
i INi

+HZHH)}+ ln |S0|,

Cek(X,Z,Sk) = − ln |σ2
ek
Iek +GkZGH

k |

+Tr{Sk(σ
2
ek
Iek +Gk(X +Z)GH

k )} − ln |Sk|.

Note that we have applied the identities (8) and (9) from

Lemma 1 to Ci(X,Z,S0) and Cek(X,Z,Sk), respectively.

Although the reformulated problem (10) is still jointly non-

convex in the variables (X,Z) and Sℓ, ℓ = 0, . . . ,K, one can

show that it is now convex with respect to either (X,Z) or Sℓ

while the other variable is fixed. Hence, we can separate the

problem into two convex optimization problems and perform

Algorithm 1: The alternating optimization (AO) algorithm
for solving the problem (7)

1: Initialize n = 1, ǫ > 0, X(0) = Z(0) = (P/2Nb)INb
;

2: while |R
(n)
s −R

(n−1)
s | > ǫ do

3: Solve (13) to obtain S0 and S
(n)
k ∀k;

4: Solve (11) to obtain X(n) and Z(n);
5: n = n+ 1;
6: end while

7: Output: X(n), Z(n).

alternating optimization. Particularly, we perform n = 1, 2, . . .
iterations until convergence over:

X(n),Z(n) = argmax
X,Z,τ

τ (11)

s.t. Ci(X,Z,S
(n−1)
0 )− Cek(X,Z,S

(n−1)
k ) ≥ τ, ∀k

ηkTr{Gk(X +Z)GH
k } ≥ Ek, ∀k

Tr{X +Z} ≤ P, X � 0Nb
, Z � 0Nb

,

S
(n)
ℓ =











argmax
S0�0N

b

Ci(X
(n),Z(n),S0), ℓ = 0

argmin
Sk�0N

b

Cek(X
(n),Z(n),Sk), ℓ = k.

(12)

It can be shown by using Lemma 1 that the second problem

(12) has the closed-form solution

S
(n)
ℓ =

{

(σ2
i INi

+HZHH)−1, ℓ = 0

(σ2
ek
Iek +Gk(X +Z)GH

k )−1, ℓ = k.
(13)

Therefore, in each iteration, we solve the problem (11) using

interior point methods and (13) to eventually obtain the solu-

tions X⋆ and Z⋆ after convergence. It should be mentioned

that the applied alternating optimization procedure has been

shown to converge to a Karush-Kuhn-Tucker (KKT) optimal

point [6], i.e., each iteration step results in a non-decreasing

objective value. From the eigendecomposition of X⋆, we can

subsequently extract the beamforming matrix W , which is

formed by the eigenvectors corresponding to the dominant

eigenvalues of X⋆. As mentioned before, the rank of X⋆

and therefore the number of columns of W determine the

optimal number of data streams for the transmission to the IR.

We summarize the above-developed alternating optimization

procedure in Algorithm 1.

B. Non-Square Channel Matrix (Nb > Ni)

In this subsection, we consider the case, where the channel

matrix H is not necessarily square. Specifically, we assume

that Nb > Ni such that at most d = Ni data streams can

be transmitted over the channel. Note that MIMO systems,

where the BS has more antennas than the user terminals,

often occur in practice. For such a scenario, the beamforming

matrix W is of rank d and not square. Thus, Algorithm 1 is

not readily applicable as using the definition X
∆
= WWH

in (7) would impose the rank constraint rank {X} ≤ Ni,

which requires semidefinite relaxation (SDR) [15] to solve the

resulting optimization problem. As it is well-known, dropping
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the rank constraint and thereby relaxing the constraint set

may only lead to an approximate solution of X with a rank

higher than Ni. Consequently, to obtain a solution of rank

Ni, randomization techniques are usually applied. Depending

on the number Ni, rank-1 randomization [16], [17], rank-2

randomization [18] and rank-r randomization [19] methods

can be applied.

In order to avoid the rank relaxation problem, we here pro-

pose a different solution. Similarly to the popular concept of

eigen-beamforming, we transmit the data into the eigenspace

of the channel, which allows for a reduction of the effective

channel to a square matrix of rank Ni. Afterwards, Algorithm

1 can be applied to solve the corresponding optimization

problem.

Since we assume that perfect CSI is available at the BS,

we can compute the truncated singular value decomposition

(SVD) of the channel H as

H = UrΣrV
H
r , (14)

where r = Ni is the rank of H , Ur ∈ C
Ni×Ni and Vr ∈

C
Nb×Ni are the left and right singular vectors and Σr contains

the Ni non-zero singular values on its diagonal. Thus, instead

of (1), we now transmit the Nb × 1 vector

x̃ = VrW̃ s̃+ z, (15)

where W̃ and s̃ are the new beamforming matrix and the

new transmit symbol vector of size Ni × Ni and Ni × 1,

respectively. It is evident that by inserting (15) into the model

(3a), the effective channel for the data vector s̃ to the IR

becomes HVrW̃ = UrΣrW̃ = H̃W̃ , where H̃ ∈ C
Ni×Ni .

Hence, we have reduced the original channel H to the square

channel H̃ , which was already considered in Subsection A.

As a consequence, we perform the optimization of (W̃ , Z)

instead of (W ,Z) and the definition X̃
∆
= W̃W̃H does not

impose a rank constraint anymore. This implies that SDR and,

potentially, the above-mentioned randomization techniques are

not required.

Formulating the secrecy rate at the k-th ER according to

(4) for the new transmit vector in (15) and following the

steps in Subsection A, we can express the SWIPT secrecy

maximization problem for Ni < Nb similarly to (10) as

max
X̃,Z,{Sℓ}K

l=0
,τ

τ (16)

s.t. C̃i(X̃,Z,S0)− C̃ek(X̃,Z,Sk) ≥ τ, ∀k

ηkTr{Gk(VrX̃V H
r +Z)GH

k } ≥ Ek, ∀k

Tr{VrX̃V H
r +Z} ≤ P,

X̃ � 0Ni
, Z � 0Nb

,

where

C̃i(X̃,Z,S0) = ln |σ2
i INi

+H(VrXV H
r +Z)HH |

− Tr{Sk(σ
2
i INi

+HZHH)}+ ln |Sk|,

C̃ek(X̃,Z,Sk) = − ln |σ2
ek
Iek +GkZGH

k |

+Tr{Sk(σ
2
ek
Iek +Gk(VrXV H

r +Z)GH
k )} − ln |Sk|.
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Fig. 2. Worst secrecy rate versus the total transmit power P for
Nb = 4, Ni = 3, K = 2, and Nek

= 2, ∀k with Ek = 0 dBm, ∀k.

In analogy to problem (10), the problem (16) is convex with

respect to either (X̃,Z) or Sℓ while the other variable is

fixed. Thus it can be separated into two convex optimization

problems. Subsequently, we can apply the same alternating

optimization procedure as in the previous subsection and apply

Algorithm 1 to solve problem (16).

IV. SIMULATION RESULTS

In this section, we provide simulation results that demon-

strate the performance of the proposed AN-aided alternating

optimization algorithm “AO-AN” to address the secrecy max-

imization problem in a SWIPT MIMO beamforming system.

For comparison purposes, we include the non-AN version

“AO-no-AN” of our proposed algorithm, which can be easily

derived by using the same steps as in the derivation of the “AO-

AN” algorithm. Furthermore, we also include the conventional

“waterfilling” algorithm based on the SVD of H that only al-

locates power across the IR channel irrespectively of the ERs.

In our simulations, the channels H and Gk, k = 1, . . . ,K,

are randomly generated and drawn from an i.i.d. complex

Gaussian distribution (Rayleigh fading) with zero mean and

unit variances. For simplicity, we set the noise powers σ2
i

and σ2
ek
, ∀k to 0 dBm. The energy harvesting efficiency

is ηk = 50 %, ∀k and all the ERs have the same target

harvesting power level. The proposed algorithm is initialized

with X(0) = Z(0) = (P/2Nb)INb
and the tolerance level

for the stopping criterion is set to ǫ = 10−5. The results

are obtained by averaging over 100 independent Monte Carlo

trials.

Fig. 2 illustrates the worst secrecy rate as a function of the

transmit power P for a setting of Nb = 4, Ni = 3, K = 2, and

Nek = 2. The target harvesting power level is given by Ek = 0
dBm, ∀k. It can be seen that the proposed algorithm AO-

AN outperforms its non-AN counterpart AO-no-AN, which

illustrates the gain obtained from an AN-aided transmission.
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Fig. 3. Worst secrecy rate versus the harvested power Ek, ∀k for
Nb = Ni = 3, K = 3, and Nek

= 2, ∀k and P = 10 dBm.

Both algorithms perform better than the waterfilling scheme

that ignores the ERs.

In Fig. 3, we depict the worst secrecy rate as a function

of the harvested power Ek, ∀k, where Nb = Ni = 3,

K = 3, and Nek = 2, ∀k. Moreover, the total transmit

power is P = 10 dBm. It is apparent that the secrecy rate

decreases as the harvesting power grows, which highlights

the trade-off between these two objectives. Again, the AO-

AN algorithm performs significantly better than the AO-no-

AN scheme, whereas the waterfilling method provides the

worst performance. Note that the waterfilling scheme provides

a constant curve as it is independent of the harvesting power.

V. CONCLUSION

In this paper, we have considered a MIMO SWIPT system,

where a BS transmits both information and energy to a single

IR and multiple ERs. Assuming that the ERs can decode the

information intended for the IR, the physical layer secrecy

issue of providing confidential information to the IR while

still ensuring sufficient energy to be harvested by the ERs

arises. Based on an AN approach at the transmitter, we have

addressed the secrecy rate maximization by jointly optimizing

the beamforming matrix for the IR and the covariance matrix

of the AN subject to energy harvesting constraints and a

total power constraint. Although this problem is a non-convex

DC problem, we consider the two cases of a square and

a non-square IR channel matrix and present an alternating

optimization (AO-AN) procedure for both scenarios. The

performance of the proposed algorithm has been demonstrated

by simulations.

REFERENCES

[1] J. Wu, S. Rangan, and H. Zhang, Green Communications:
Theoretical Fundamentals, Algorithms and Applications, CRC
Press, Sept. 2012.

[2] X. Zhou, R. Zhang, and C. K. Ho, “Wireless information and
power transfer: Architecture design and rate-energy tradeoff,”
IEEE Transactions on Communications, vol. 61, no. 11, pp.
4757–4767, Nov. 2013.

[3] R. Zhang and C. K. Ho, “MIMO broadcasting for simultaneous
wireless information and power transfer,” IEEE Transactions on
Wireless Communications, vol. 12, no. 5, pp. 1989-2001, May
2013.

[4] L. Liang, R. Zhang, and K. Chua, “Secrecy wireless infor-
mation and power transfer with MISO beamforming,” IEEE
Transactions on Signal Processing, vol. 62, no. 7, pp. 1850–
1863, Apr. 2014.

[5] A. Khisti and G. W. Wornell, “Secure transmission with
multiple antennas II: The MIMOME wiretap channel,” IEEE
Transactions on Information Theory, vol. 56, no. 11, pp. 5515–
5532, Nov. 2010.

[6] Q. Li, M. Hong, H.-T. Wai, Y.-F. Liu, W.-K. Ma, and Z.-Q.
Luo, “Transmit solutions for MIMO wiretap channels using
alternating optimization,” IEEE Journal on Selected Areas in
Communications, vol. 31, no. 9, pp. 1714–1727, Sep. 2013.

[7] A. Khabbazibasmenj, M. A. Girnyk, S. A. Vorobyov, M.
Vehkaper, and L. K. Rasmussen, “On the optimal precoding
for MIMO Gaussian wire-tap Channels,” in Proc. 10-th Int.
Symposium on Wireless Communications Systems (ISWCS),
Ilmenau, Germany, Aug. 2013.

[8] J. Steinwandt, S. A. Vorobyov, and M. Haardt, “Secrecy
rate maximization for MIMO Gaussian wiretap channels with
multiple eavesdroppers via alternating matrix POTDC,” in
Proc. IEEE Int. Conference on Acoustics, Speech, and Signal
Processing (ICASSP), Florence, Italy, May 2014.

[9] R. Negi and S. Goel, “Secret communication using artificial
noise,” in Proc. IEEE Veh. Technol. Conf. (VTC), Sep. 2005.

[10] Q. Li and W.-K. Ma, “Spatially selective artificial-noise aided
transmit optimization for MISO multi-Eves secrecy rate opti-
mization,” IEEE Transactions on Signal Processing, vol. 61,
no. 10, pp. 2704–2717, May 2013.

[11] T. K. Phan, S. A. Vorobyov, C. Tellambura, and T. Le-
Ngoc, “Power control for wireless cellular systems via D.C.
programming,” in Proc. 14th IEEE Workshop Statistical Signal
Processing (SSP), Madison, WI, USA, Aug. 2007.

[12] Y. Liang, H. V. Poor, and S. Shamai (Shitz), Information
Theoretic Security. Hanover, MA, USA: Now Publishers, 2008.

[13] J. Jose, N. Prasad, M. Khojastepour, and S. Rangarajan, “On
robust weighted-sum rate maximization in MIMO interference
networks,” in Proc. IEEE Int. Conf. Communications (ICC),
June 2011.

[14] S. Boyd and L. Vandenberghe, Convex Optimization, Cam-
bridge, UK: Cambridge University Press, 2004.

[15] Z.-Q. Luo, W.-K. Ma, A. M.-C. So, Y. Ye, and S. Zhang,
“Semidefinite relaxation of quadratic optimization problems,”
IEEE Signal Processing Magazine, vol. 27, no. 3, pp. 20-34,
May 2010.

[16] N. D. Sidiropoulos, T. N. Davidson, and Z. Q. Luo, “Transmit
beamforming for physical-layer multicasting,” IEEE Transac-
tions on Signal Processing, vol. 54, no. 6, pp. 2239-2251, Jun.
2006.

[17] K. T. Phan, S. A. Vorobyov, N. D. Sidiropoulos, and C.
Tellambura, “Spectrum sharing in wireless networks via QoS-
aware secondary multicast beamforming,” IEEE Transactions
on Signal Processing, vol. 57, no. 6, pp. 2323-2335, Jun. 2009.

[18] S. X. Wu, W.-K. Ma, and A. M.-C. So, “Physical-layer mul-
ticasting by stochastic transmit beamforming and Alamouti
space-time coding,” IEEE Transactions on Signal Processing,
vol. 61, no. 17, pp. 4230-4245, Sept. 2013.

[19] A. M.-C. So, Y. Ye, and J. Zhang, “A unified theorem for SDP
rank reduction,” Mathematics of Operations Research, 2008.

1993


