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Abstract—This paper investigates the impact of intelligent
reflecting surface (IRS) enabled wireless secure transmission.
Specifically, an IRS is deployed to assist multiple-input multiple-
output (MIMO) secure system to enhance the secrecy per-
formance, and artificial noise (AN) is employed to introduce
interference to degrade the reception of the eavesdropper. To
improve the secrecy performance, we aim to maximize the
achievable secrecy rate, subject to the transmit power constraint,
by jointly designing the precoding of the secure transmission,
the AN jamming, and the reflecting phase shift of the IRS. We
first propose an alternative optimization algorithm (i.e., block
coordinate descent (BCD) algorithm) to tackle the non-convexity
of the formulated problem. This is made by deriving the transmit
precoding and AN matrices via the Lagrange dual method
and the phase shifts by the Majorization-Minimization (MM)
algorithm. Our analysis reveals that the proposed BCD algorithm
converges in a monotonically non-decreasing manner which leads
to guaranteed optimal solution. Finally, we provide numerical
results to validate the secrecy performance enhancement of the
proposed scheme in comparison to the benchmark schemes.

Index Terms—Intelligent reflecting surface, physical-layer se-
crecy, multiple-input multiple-output (MIMO), phase shift.

I. INTRODUCTION

The fifth-generation (5G) communication networks and be-
yond have been evolving towards machine-centric driven by a
vast range of requirements such as massive connectivity, ultra-
low latency, and ultra-high spectral efficiency and throughput.
In particular, ultra-high data rates can be supported by a
variety of contemporary techniques, e.g., massive multiple-
input multiple-output (massive MIMO), relaying, millimeter
wave (mmWave) communications, as well as ultra-dense net-
works (UDNSs) [1]-[3]. Although these techniques can sub-
stantially boost the spectral efficiency, one needs to deal with
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the increase of computational complexity and hardware cost
due to large amount of radio frequency (RF) chains over
a high frequency band. In addition, the operation of these
techniques often come at a cost of high power consumption
due to the increased amount of transmitted data and emission
of radio waves [4]. This motivates a novel and promising
paradigm, called smart radio environment, which has attracted
tremendous research attention in recent years. Smart radio
environment offers a seamless wireless connectivity and the
capability of processing and transmitting data via recycling
the existing radio waves instead of generating new ones [4].

On the other hand, for various civilian and military ap-
plications, it has become increasingly important for secured
wireless networks to safeguard the private/important informa-
tion such as credit card transaction, on-line personal data, and
military intelligent transmissions [5]. As a matter of fact, wire-
less security has become an indispensable part of 5G wireless
networks. Conventionally, a reliable wireless transmission is
secured via traditional cryptographic techniques operating in
the network layer. However, this tends to incur large overhead
as well as various challenges in terms of key distribution and
management to build reliable link due to the nature of wireless
transmission [6]. As an alternative approach, physical layer
security has been developed to provide the secrecy capacity
metric by exploiting information-theoretical fundamentals [5].
In recent years, a variety of resource allocation algorithms have
been developed in physical layer security scenarios to improve
the secrecy capacity. Additionally, physical layer security has
also been studied in multi-antenna scenario [7]-[9].

Intelligent reflecting surface (IRS), as an enabler for smart
radio environments, has been proposed as a novel transceiver-
like technique to offer significant performance enhancement in
terms of spectrum and energy efficiencies [10], [11]. An IRS
is generally consisted of a planar array structure with a large
number of reconfigurable passive reflecting elements, which
are controlled by a communication-oriented software (e.g. IRS
controller) [4], [10]. IRS unlocks a novel wireless device (WD)
to achieve three-dimensional (3D) passive beamforming gains
by adaptively varying the phase shifts of the reflected signals
in time-varying environments [12]. IRS reflecting arrays are
generally made of multiple components with small-sized, very
low-cost, and low-energy consumption features in which an
appropriate phase shift can efficiently improve the reflection of
the intended signal without a dedicated RF signal processing,
en/de-coding, or re-transmission [10].



A. State-of-the-Art

There has been a rich body of literature on the IRS assisted
wireless communication networks [10], [12]-[16]. In [10], an
IRS assisted multiple-input single-output (MISO) system was
proposed, where the desired signals are passively received and
reflected by the reflecting elements of the IRS to align the
reflection link with the direct link. In [13] a class of active
intelligent surface based massive MIMO was investigated
by employing an array architecture to passively receive and
reflect the desired signals to maximize the total received
power targeting to a specific user. Also, multiple IRSs may be
flexibly deployed to provide high data rates in the near-field
transmission such as indoor environments [14]. In [15], [16],
a series of resource allocation algorithms have been developed
to jointly design transmit precoding and phase shift matrices in
various MIMO scenarios, by maximizing the achievable rate
via dynamically adjusting the phase shift at the IRS. From the
perspective of security, IRS-aided secrecy system has recently
attracted increasing attentions [17]-[20]. IRS, deployed near
the legitimate users, dynamically adjusts the phase shifts to
optimize the secrecy performance. In [17], [18], an IRS-aided
multi-antenna secrecy system has been investigated, where the
achievable secrecy rate is maximized by joint optimization
of the secrecy transmit beamforming and reflecting phase
shift. The power efficiency optimization problem has been
formulated to meet the secrecy rate requirement in [19]. The
application of artificial noise (AN) was studied to enhance
the achievable secrecy rate in an secure IRS assisted system
[20]. Specifically, the integration of AN with IRS can achieve
a higher secrecy performance improvement compared with
the benchmark schemes. This is due to the fact that an IRS
assisted secure system is typically lack of sufficient spatial
secure degrees of freedom (DoF) with increasing number of
eavesdroppers, such that AN can be an effective means for
secrecy performance improvement. In addition, we are inter-
ested to compare the IRS aided secure system to other existing
secure counterparts, e.g., information-jamming-assisted secure
system [21] and the relaying-assisted secure system [22]. Al-
though these conventional transmission systems can enhance
the secrecy performance, extra power consumption is needed
for jamming and relaying techniques which are considered
as external transceivers. The IRS assisted secure system does
not need to employ an external transmitter (i.e., information
jammer or relay) to generate the new or same radio wave to
enhance (degrade) the received power at the legitimate user
(eavesdropper) [19]. The existing state-of-the-art only focuses
on single-antenna cases at the receive nodes (i.e., legitimate
users and eavesdroppers). The formulated problems can be
generally relaxed into the semi-definite programming (SDP)
to obtain the sub-optimal transmit beamforming and the phase
shift via the alternative optimization algorithm. Similar method
however may not be applied in IRS aided MIMO secrecy
scenario. Besides, there has been few of existing work which
exploits the IRS aided MIMO secrecy system, which motivates
our work in this paper.

This paper unveils the impact of the IRS on an AN aided
MIMO secure system, where the secure transmit precoding,

AN jamming as well as the reflecting phase shift matrix of the
IRS are jointly designed to enhance secrecy performance. The
main contributions of this paper are summarized as follows:

1) We find the optimal joint design of secure transmit pre-
coding matrix, AN jamming matrix and IRS phase shift
matrix, to maximize the achievable secrecy rate, subject
to transmit power and unit modulus constraints.To deal
with its non-convexity, we first transform the original
problem into its equivalent form via weighted minimum
mean square error (WMMSE). Then the problem is
further split into three sub-problems by introducing aux-
iliary variable matrices. We propose a block coordinate
decent (BCD) algorithm to alternatively optimize the
auxiliary matrices, the transmit precoding, the AN jam-
ming matrix, and the phase shift matrix. In addition, the
convergence behaviour of the proposed BCD algorithm
is characterized and shown to converge to the Karush-
Kuhn-Tucker (KKT) point of the original problem.

2) We solve the sub-problems with respect to auxiliary
variable matrices for the given transmit precoding, AN
matrix and phase shift matrix, where their closed-form
expressions are derived by taking into consideration the
first-order derivatives of these sub-problems.

3) We then solve the corresponding sub-problem over trans-
mit precoding with AN matrix via the Lagrange dual
method, which is derived with the semi-closed-form
expressions for given phase shift matrix and auxiliary
variable matrices. Also, we perform a bisection search
to find the optimal dual variable.

4) Moreover, the main novelty of our work lies in the
optimal design of the phase shift matrix at the IRS.
To be specific, for the given transmit precoding, AN
matrix and auxiliary variable matrices, we transform
the sub-problem with respect to phase shift matrix
into a quadratically constrained quadratic programming
(QCQP) with unit-modulus constraint via several ma-
trix/vector manipulations. Due to the non-convex nature
of the QCQP problem, we propose a novel method based
on the Majorization-Minimization (MM) algorithm [23]
to iteratively find the optimal phase shift of the IRS
with a closed-form expression. In addition, we prove the
proposed MM algorithm converges to the KKT point.

5) Finally, numerical evaluations validate the benefits of
the proposed algorithm in comparison to the benchmark
schemes, with an emphasis on the impact of the IRS
on secrecy performance enhancement in the AN aided
MIMO secure system. We show that the higher transmit
power and larger number of reflecting elements of
the IRS will lead to a higher achievable secrecy rate.
Additionally, we reveal that the number of antenna at
each node and IRS-related link plays an important role
in enhancing the secrecy performance.

The rest of this paper is organized as follows. The secrecy
system model is described in Section II, followed by the
algorithm design for the IRS aided MIMO secrecy com-
munication with AN in Section IIl. The IRS aided MIMO
secrecy communication without AN is described in Section



Eavesdropper

Fig. 1: An IRS aided MIMO secrecy communication.

IV. Numerical results are presented in Section V. Finally, we
conclude this paper in Section VI.

Notations: We use upper case boldface letters for matrices
and lower case boldface letters for vectors. (-)*, ()7 and
() denote the conjugate, transpose and conjugate transpose,
respectively. Tr(-) is the trace of a matrix. V f(x) represents
the gradient of the function f with respect to the vector x
and © is the Hadamard product. A > 0 indicates that A is a
positive semi-definite matrix. I and (-)~! denote the identity
matrix and the inverse of a matrix, respectively. diag(A) is
the diagonalization operation of the matrix A. |A| denotes
the determinant of A and [x]" represents max{z,0}.

II. SYSTEM MODEL

In this paper, we consider a generic IRS assisted MIMO
secrecy system as shown in Fig. 1, where a BS intends to es-
tablish a reliable communication link with a legitimate user in
the presence of single eavesdropper. Also, an IRS is deployed
to passively reflect the confidential information from the BS to
the receivers (i.e., legitimate user/eavesdropper), each of which
generally probes two path superimposed signals from both
BS-user/eavesdropper and BS-IRS-user/eavesdropper links. In
comparison to the traditional secrecy communication, in our
paper, an AN embedded signal is generated by the BS to
introduce additional interference to degrade the reception of
the eavesdropper by exploiting the IRS-induced extra DoF
with the necessity of the AN aided transmit beamformer. Thus,
the intended signal to be transmitted at the BS can be written
as

x = Ws +z, (D
where s ~ CN(0,I) denotes the desired signal to be trans-
mitted, W € CN7*Na is the transmit precoding matrix,
Ny < min(N7p, Ng) denotes the data streams observed for
the user, z ~ CN(0,Z) is the AN matrix, i.e., Z € CN1*Nt,
We assume that the BS is equipped with Ny > 1 transmit
antennas, the IRS with Np > 1 reflecting units, the user with
Ng, and the eavesdropper consists of Ny receive antennas. We
denote Hy, € CNrxNr H_ ¢ CN7*Ns, H. € CNrxNp
G, € CNaxNs_and Gg € CNeXNe 35 the channel coef-
ficients between the BS and the IRS, the BS and the user,
the BS and the eavesdropper, the IRS and the user, as well
as the IRS and the eavesdropper, respectively. In this paper,
we assume that the channel state information (CSI) of the
eavesdropper is available at the BS. This can be achieved

through different methods such as the CSI feedback method
[24] or even the local oscillator power leakage from the
eavesdropper receivers RF frontend [25]. The IRS elements
collect all multi-path signals at a physical element, and reflect
these combined signals via IRS reflecting array. We denote
© = diag (exp(jai),exp(jaz), ...,exp(jany)), as the diag-
onal matrix associated with the effective phase shifts in all
IRS elements, where «, € [0,27],Vn € [1, Ng] is the phase
shift at the n-th IRS element. Thus, the received signal at the
legitimate user and the eavesdropper can be written as

ys = (HY + GI'©H,,) (Ws + z) + n,,

Ye = (Hf + Gf@HbT.) (Ws +z) + n,,
respectively, where n, ~ CN(0,02I) and n. ~ CN(0,021).
The achievable rates at the legitimate user and the eavesdrop-
per are given by [26], [27]

R, = log ‘I +HWWHIa? (I + ﬁzﬁH) '

)

R, =log

)

- - - - —1
1+ AWW A (1+ Az )

where H, = LH,, H. = LH. H, = HY + GOH,,,
and H, = HY + GZ@H,,. Thus, the achievable secrecy rate
can be written as
Rsec - [Rs - Rerra (2)
III. IRS AIDED MIMO SECRECY COMMUNICATION WITH
AN

A. Problem Formulation

In order to evaluate the secrecy performance of the IRS
assisted MIMO secrecy network, we aim to maximize the
achievable secrecy rate subject to the transmit power con-
straint, where the transmit precoding, the AN matrix and
the reflecting beamforming are jointly designed. Thus, this
optimization problem is formulated as follows:

max R — Re,
W,Z-0,0

st. lWWH £Z) <P, |exp(jo,)|=1,Yn=1,..., Ng. (3)
By defining Z = VVH, VvV ¢ CN7*N7 problem (3) is
equivalently expressed as

- - - - —1
max  log ‘1 +A,WWHIH? (1 +A,VVIRY ) ’
W,V,®

Ay
+ log ‘I +Ha VVIRY

Az
—log ’I +AWWARY + 7, vVHaH

)

Az
st. T(WWH 4+ VVvH) < p,
|exp(jay,)| =1,Vn=1,...,Ng. 4
Problem (4) is non-convex and intractable. In order to cir-
cumvent this non-convex property, we first employ the idea of
WMMSE, transforming the objective function in (4) into the
equivalent counterpart, which can be designed iteratively via
the BCD method [28]. To proceed, we introduce the auxiliary
matrices (X, (i € {1,2,3}), Z;,(j € {1,2})) to reformulate



Aj, As, and As in the objective function in problem (4),
respectively. First, let us consider the MSE matrix function
of A; as follows:
E(Z;,W,V) = (1-ZPAW)(I - zIaw)?
+zi 1+ 8, vvialz, (5)
thus, A; is equivalently modified as
Al = _max 10g|X1| —Tr [XlEl(Zl,W,V)] +Nd (6)
X1>-0,Z;

Similarly, A is given by
AQ = XIE—%XZ lOg |X2| —Tr [XQEQ(ZQ, V)] + NT, (7)

where Ey(Zo, V) = (1—-ZEH, V)(1-ZYH, V) + 287,
The following lemma is required to deal with Ag,
Lemma 1: [26] Denoting E € CM*¥ as any positive
definite matrix, we have the following function
—log |E| = Y
og |E| = max (Y), ®)

where 6(Y) = log|Y| — Tr(YE) + N. Then, the optimal
solution to problem (8) can be expressed as YP' = E~1,
According to Lemma 1, As is given by

—Az = Hax log [X3| — Tr[X3E3(W, V)| + Ng, (9

where E3(W,V) =1+ HWW"HY t H VVIHY
Remark 1: Tt can be verified that A;, Ay, and Az are
concave functions with respect to each matrix of W, V,
X;(i € {1,2,3}),and Z;(j € {1, 2}) given the other matrices.
Also, combining Ay, Ay and Ag provides the lower bound of
the achievable secrecy rate R.. in (2).
We substitute (6)-(9) into (4), which is equivalently rewritten
as
max log [X;| - Tr [Xl ((I ~ ZHA,W)(I - ZIT A, W)H
ZH (1 + ﬁSVVHﬁf)zl)} +log [X|
Ty [Xg ((I ~ZHA, V)1 - ZEA, V)T + zgfzz)]
+log | X5~ Tr [Xg(IJrerWWHf{f +H VVIR! )] :
st. ilWWH - vvHi) < p

lexp(jan)| =1,¥n=1,..., Ng,

Q: {Wa V7 Xl ioa X2 tov X3 ioa Zl, Z27 6} (10)
Problem (10) is still non-convex with respect to the transmit
precoding matrices (W, V), the auxiliary matrices (X, (i €
{1,2,3}), Z;, (j € {1,2})), as well as the phase shift matrix
©. In the sequel, we propose the BCD algorithm to iteratively
update these variable matrices in problem (10). Specifically,
problem (10) is separated into the three sub-problems (or sub-

iterations), each of which aims to obtain the optimal one (or
a group) of variable matrices given others, respectively.

B. Sub-iteration 1: Optimizing Z; and X;

In this subsection, we first solve (10) to optimize Z;, (j €
{1,2}) and X, (7 € {1,2,3}) given W, V, and ©. First, (10)
is equivalently modified into the following sub-problems over
Zj, (j €{1,2}) as

Z, = argmin Tr [X, E1 (Z1, W, V)], (11a)
1

Zy = arg rr%in Tr [XoEq(Z2, W, V). (11b)
2

In order to solve (11a) and (11b), we take into consideration
their own first-order derivative, respectively, and the closed-
form solution of Z;(j € {1,2}) is given by

~ - ~ ~ -1 .
7, = (I+HSVVHH§I+HSWWHH§) H.W, (122)

~ -~ -1 .
7y = (I +H VVAAH ) V. (12b)
Next, we solve (10) to optimize X, (< € {1,2,3}) given W,
V., Z;,(j € {1,2}), and ©. It is observed that the matrices
X, (i € {1,2,3}) are independent with each other in the
objective function of (10). Thus, by exploiting Lemma 1, the
closed-form solutions of X;, (i € {1,2,3}) is derived as
X, = {(I—Z{{f{sW)(I—Z{{ﬁSW)HJrZ{I(I
- - —1
+H,VVH)Z,
L1+ WHARAI+B,VVIED)THW,  (13a)
- _ —1
Xy = |1~ ZFA V)1 - 2§ B V)7 + 22,

by VARFTLV, (13b)
_ _ _ - —1
Xy = (T+ HR.WW7H! + BLVVPRE) (130

where < and 2 denotes that (12a) and (12b) substitute into
(13a) and (13b), respectively.

C. Sub-iteration 2: Optimizing W and V

In this subsection, we solve problem (10) to optimally
design W and V given X,, (i € {1,2,3}), Z;(j € {1,2}),
and ©. To proceed, problem (10) is equivalently rewritten with
respect to W and V, as

min Tr (Xlz{’ H,WwWH i zl)
W=0,V0
+Tr (Xlz{f H,VVHH zl) CTr (Xlz{’ ﬁsw)
“Tr (Xleﬁszl) “Tr (XQng f{ev)
Ty (xgvHﬁf ZQ) T (XQZf A vviaH? ZQ)
FTr (XgﬁewwHﬁf ) T (Xgﬁevaﬁf )
s.t. T(WWH) + Tr(VVH) < P. (14)
Problem (14) is a convex problem with respect to W and V,

which can be solved via Lagrange dual problem. Let us write
the Lagrangian function to problem (14) as follows:

L(W,V,p) =Tt (Xlz{’ﬁswwHﬁle)
+Tr (Xlz{f i, VVHAH zl) —Tr (Xlz{’ ﬁsw)
—Tr (Xleﬁszl) T (XQngﬁeV)
—Tr (XQVH a ZQ) +Tr (ng;’ H, VVHaH ZQ)

+Tr (XgﬁeWWHﬁf ) +Tr (XgﬁeVVHﬁf )

+ u[Tr(WWH) + Tr(VVH) — P, (15)
and its dual problem is given by
max min  L(W,V pu). (16)

©>0 W-0,V>-0
In order to solve the dual problem (16), we consider a
two-level algorithm. Particularly, the inner-level problem is



considered to optimize W and V for given p > 0, and the
outer level problem is a single-variable optimization problem
with respect to p, which is obtained via one-dimensional
search (i.e., bisection method). To proceed, we first solve
the inner-level problem to optimize W and V, which can
be derived in terms of closed-form expression by taking into
consideration the first-order derivative of (15) as

~ ~ ~ ~ \ 1
W= (;LI+HfZ1X1Z{IHs+HfX3HE) HYZ,X,, (17)
V= (u1+ﬂ§zlxlz{fﬂs+ﬂ522x2z§fﬂe

-1
+ﬁfxgﬁe) H17,X,. (18)
We further simplify the solutions of W and V via eigen-
decomposition. Specifically, let ¥ = H,Z 1 X ZHH, +
H X3HH and A = H?Z,X,Z/"H, +HHzgx2z2 H, +
Hf X3H,, we have the following eigen-decomposition:
> = RAR?, A =8=S7, (19)
where R (or S) denotes a unitary matrix consisting of the
orthonormal eigenvectors of 3 (or A) and A (or E) is
a diagonal matrix, each diagonal element of which is the
eigenvalue of X (or A). Thus, for given y > 0, the optimal
solution of W and V can be re-expressed as
W =R(uI+A)'RFAYZ, X, (20a)
V =S(ul +8)"'S"H Z,X,. (20b)
Then, we solve the outer-level problem to achieve the optimal
solution of dual variable p. With (20a) and (20b), the optimal
solution to problem (14) can be obtained by searching the
optimal dual variable ; such that the complementary slackness
condition holds
u[Tr((WWH) 4+ Tr(VVH) — P] = 0. 1)
The optimal solution to dual variable p can be obtained
by performing a bisection search, as it can be shown that
the term f(W(u), V(i) = Tr((WWH) + Tr(VVH) is a
monotonically non-increasing function with respect to p [26].
The detailed procedure to solve problem (14) is summarized
as Algorithm 1. It has been proven in [27] that Algorithm 1
monotonically converges to a KKT point of problem (14).

Algorithm 1: Bisection search to solve problem (14)

1) Initialization: ~ is a small value to denote the algorithm
accuracy; lower bound i, and upper bound fu.

2) Calculate ;1 = fijow + Lup-

3) Obtain the optimal solution of W and V.

4 If TI(WWH + VVH) > Py, = p, otherwise,
Hup = f

5) If |juup —
2.

6) Ouput: W and V.

tow| < K, terminate, otherwise, go to Step

D. Sub-iteration 3: Optimizing ©

In this subsection, we solve problem (10) to optimize ® for
given W, V, X;(i € {1,2,3}), and Z,;(j € {1,2}). We first

equivalently rewrite problem (10) as follows:
min Tr (Xlz{fﬁSWWHﬂle)+Tr (Xlz{fﬁsvaﬂle)

B
_ [Tr (Xlz{fﬁsw) Tr (gleﬁszl)]

B
T (Xzzf fH,VVHaH 22)

e
_ {Tr (XQng ﬁv) Tr (XQVHfIf ZQ)}

By

+ Tr (XL WWH RS ) Tr (XL VV I ),

Bs
s.t. \exp(jozn)| =1,Yn=1,...,Ng, (22)
where H, = LH,, H. = L H. H, = H’ + G’ ©®H,,, and
H. =HY +GH (-)Hb,, Problem (22) is a non-convex problem
and intractable with respect to ® due to its unit modulus con-
straint, which cannot be solved directly. In order to tackle this
non-convexity, we propose an MM algorithm to approximately
derive the optimal solution of phase shift. To facilitate the
MM algorithm, we first take into consideration the equivalent
transformation of the objective function in (22). Let v, = =

Ve = 2, W = WW# and V = VV¥, By, B,, Bs, B4,
and B5 in problem (22) can be transformed via exploiting a
series of mathematical manipulations, respectively,

e By:

1 By =~Tr (07G,Z,X,Z{ G ©H, WH{!)
+7Tr (07 G,Z, X, Z{'HIWH]))
+7Tr (H,, WH,Z: X, Z{ G ©)
+7Tr (X1 Z{'HIWH,Z,)
+7,Tr (07 G,Z: X, Z{ GY ©H,, VH]])
+7:Tr (07 G,Z: X, Z{HI VHT)
+7,Tr (H,, VH,Z, X, Z{ G ©)

+7Tr (X1 Z{HI VH, Z,)
=Tr (0@"R,OTy,) + Tr (07 QY,)
+Tr(©Qy ) + Tr (07 R,OT; )

+Tr (07QY,) + Tr(0Qa,) +¢,,  (23)

where
R, =,G,Z: X Z{GY, T, , = H,,WH}!,
Q1 = 7Hy, WH,Z, X, Z' G,
cs =7 Tr (X1 Z{'HY WHL, Z1 )
+7,Tr (X1 Z{HY VH,Z,)
T, = Hy,, VH]!, Qo5 = v, H,, VH,Z,; X, Z{ G}



e By:
: By = 7,Tr (OH,, WX, Z{'G)
+ 7T (X1 Z7 HY W)
+ VT (07 G, Z, X, WHHT)
+ 7 Tr (X4 WHH,Z,)

=Tr(©Qu,) + Tr (07Q(,) + co.s, (24)
where
Qo,s = Vs H, WX, ZH GH |

co,s = Vs Tr (X1 ZTHE W) 4+ /4, Tr (Xy WHHLZ, ),

90,s = [(QO,s)(Ll) y e (QO,S)NR’NR:| !
e Bas:
B =7.Tr (0" G.Z:X,Z) G'©H,, VH}}.)
+7.Tr (07 G.Z: X, Z HI VHY])
+7.Tr (Hy, VH. Z,X,Z G ©)
+ 7. Tr (X2 Z HI VH, Z5)
=Tr (07R0,.OT ) + Tr (07 Q)
+Tr (©Qo,e) + co,e; (25
where
Ro. = 7.G ZoXoZYGEH | Ty, = H,, VH].,
Qo,c =V Hy, VH, Z,X,Z G|
coe =1 Tr (X2Z¥HYVH. Z5) .
e By:
By = /7.Tr (OH,, VX,Z GH)
+ V7T (XL ZEHIV)
+ 7Tt (07 G Zo X, VIHY])
+ AT (X2 VI HL Z,)
=Tr(©Q.) + Tr (07 Q) + s, (26)
where Q. = VIeHy VXL ZEGH, s, =
VT (XoZEHEV) + 7T (X, VI HLZ,).
e Bs:
’ B; = 7.Tr (0G.X3;GYOH, WH{])
+7.Tr (07 G XsH WH;])
+7.Tr (H,, WH.X;3G7 ©)
+7.Tr (XsHY WH,)
+7.Tr (0G.X;GYOH,, VH]!)
+ 7. Tr (07 G X3 HI VH}])
+7.Tr (H,, VH. X3G ©)
+ 7. Tr (X3He VH,)
=Tr(@"R.OTy,,) + Tr (07 Q7,)
+Tr(©Qi,) + Tr (O R.OT, )
+Tr(07QL,) + Tr(0Qz.) +c1e, (27)
where
R, =7.G.X3G T, = H, WH,
Qi.c = 7 Hy, WHX3GY, Ty, = Hy, VH,
Q2. = 7.H,, VH . X;G|
cre =7 Tr (XsHYWH,) + 7. Tr (XsHI VH,) .

By exploiting (23)-(27), problem (22) is equivalently mod-

ified by omitting the constant terms cs, Co,s, Co,es Se, and ci ¢
as

min Tr [07R,0T,] + Tr [07Qf] + Tr[©Q,]

+Tr (07"Ry, 0Ty, + Tr [©7 QY]
+Tr[0Q.] + Tr [@7"R.OT,, ],

s.t. |exp(jan)| =1,Yn =1,..., Ng. (28)
where Ts = Tl,s + T2,S’ Qs = Ql,s + Q27s - QO,S7 Qe =
QO,e + Ql,e + Q2,e - Qe’ and Tbr = Tl,br + T2,b'r‘~ Problem
(28) 1is still hard to solve, thus, we resort to the following
lemma to address the objective function in (28).

Lemma 2: [29] Let C; € C™*™ and Cy € C™*™ be
matrices, and 1 = [1,...,1]7 be a m x 1 vector. Assuming
that D € C™*™ is a diagonal matrix D = diag(dy, ..., d2),
and d = D1, we have the following matrix identities:

Tr(C;DC,D) = d”(C; © C1)d,
Tr(DCy) = 17 (D © CH)1 = d¥c,,
Tr(D7CL) = clfd,
where Co = [(Cg)(l’l IR (Cg) mﬂn)]T.
By exploiting Lemma 2, (28) is equivalent to
min 0 (R, © T7) 0+60"qi+q;0+0" (Ro. © Tg ) 0

+0"q:+q0+6" (R.OTL)0
s.t. |0, =1,n=1,..., Ng, (29)
where 0 = [01,...,0n,], 0, = exp(j * o), and

T

s = [(QS)(l,l)7~~~7(QS)(NR,NR)] s
T

qe = [(Qe)(l,l) PREES) (QE)(NR,NR)}

To proceed, some mathematical manipulations are employed
to equivalently transform (29) into the following form
min 07 ®6 + 2R{6" q*} (30a)

st. |0, =1,n=1,..,Ng, (30b)

where & = (R, ®T?) + (Ro, ©Tf,, ) + (R © TF),
q = qs + q.. Problem (30) is still non-convex and intractable
due to unit modulus equality constraint (30b). In order to
tackle this issue, the MM algorithm is employed, and a se-
quence of tractable sub-problems are considered to iteratively
solve problem (30) via approximating its objective function
and constraint set [23]. Now, let us first take into consideration
the following problem:
mtin fo(t), st fi(t) <0, i=1,.., L. (31)
We approximate both the objective function and the feasible
constraint set of problem (31) at each iteration.! Thus, the
following convex sub-problem can be solved at the m-th
iteration.
m}in go(x\x(m)), s.t. gi(x|x(m)) <0,i=1,..,L, (32

where g;(x[x("™), ¥m = 0,..., L denotes a convex function
which guarantees the following conditions:

gi(x™|x(™) = f;(x(™),
gi (x|x™) > fi(x), (33)
Vgi(x™x™) = v f;(x™).

'Here we assume that f; is differential [23].



The sequence x(™) incur a monotonically decreasing fo(x)
which converges to a KKT point [23]. In other words, the
sub-problem (32) is introduced based on the upper bound of
the objective function in (31) via a convex surrogate function,
and feasible set in (31) is approximated via convexifications.

Proposition 1: [30] The objective function (30a) is approxi-
mated in the following for any given 8(™) at the m-th iteration
and for any feasible 6.

f(0)=0"®0+2R{6"q*}

< ofro—2n{0" (T -®)0(™)}

(00" (x—@)00 2R (0" q ) =g(610™). (34

where T = ApaxIn, and Apax denotes the maximum
eigenvalue of ®.
Proposition 1 constructs a surrogate function of (30a), and it is
easily verified that g(8|@(™)) in (34) guarantees the conditions
in (33).

Problem (30) can be approximated at the m-th iteration as

moing(0|0(m)), s.t. (30b). (35)

Define 870 = Ny and 87Y0 = NpAyax, problem (35)

is equivalent to

Hgn —2%{01{ ((AmaxINR - (I))g(m) - q*) }7
s.t. (30b). (36)

The optimal solution of problem (36) at the (m+1)-th iteration
is expressed in the following closed-form,

glm+1) — exp (j arg[(AmaxIng — @)B(m) — q*]) .

Algorithm 2: Proposed MM algorithm to solve (30)

(37

1) Initialization: L is the maximum iteration number , §
is a small number for accuracy, 0 denotes feasible
solution.

2) Repeat: m

« Obtain f(8(™) via (30).
« Obtain 80"+ via (37).
« Obtain f(6(™+1).

3) if w <0 or m > L, end loop,
4) Otherwise: m = m + 1, go to Step 2.

5) Output: Calculate 8°" via (37).

On the basis of the above method to solve problem (22),
we proceed to analyze the properties of Algorithm 2 via the
following theorem.

Theorem 1: The objective value in (30), denoted as f(0),
has a non-increasing trend and guaranteed convergence, and
the converged solution generated via Algorithm 2 is a KKT
point of problem (22).

Proof: Refer to Appendix A. ]

E. Block Coordinate Descent Algorithm

In this subsection, we present the BCD algorithm to solve
problem (4) on the basis of above analyses in Section III-B,
III-C, and (ITI-D), which is summarized in Algorithm 3.

Algorithm 3: Proposed BCD algorithm to solve problem (4).

1) Initialization: Maximum iteration number Lq; Precod-
ing W©® and V©; Obtain XV (i € {1,2,3}),
Z§0),j € {1, 2} via (13a)-(13c) and (12a), (12b), respec-
tively; x is a small value to denote algorithm accuracy.

2) Repeat:

a) Given X" (i € {1,2,3}), Z\"(j € {1,2}),
0 obtain W+ and V("1 via Algorithm
1.

b) Given X\"(i € {1,2,3}), Z\"(j; e {1,2}),
WD and V(*+1) obtain 8"tV via Algorithm
2. Calculate ©("*1 = diag(0("+1))

¢) G(iven) Wt -yt - apnd @t obtain

n+1 . .

Z;77(j € {1,2}) via (12a) and (12b), respec-
tively.

d) Given W), vOrth) @+ and Z("(j €
{1,2}), obtain X" (i € {1,2,3}) via (13a),

1
(13b), and (13c), respectively.

3) If IRM(W<"+1;S\:";)(;(3i?;>(2;f:)z,jg((ﬁr;,v<">,®<">)| <
 or achieve to the maximum iteration number Lq,
terminate; Otherwise, n = n + 1 and go to step 2.

4) Output: (Wept, vort XOP Z2P @°Pt) and
Rsec(wopt, VOpt’ @0[)[).

To proceed, the following theorem is required to analyze the
properties of the convergence and the optimal solution shown
in Algorithm 3.

Theorem 2: The objective function value sequence
Roee(W™ V() @) (n = 1,2,...,L;) produces a non-
descending trend and can guarantee its solution convergence.
Also, the converged solution of the iterative sequences gener-
ated via Algorithm 3 is a KKT point of problem (4).

Proof: Refer to Appendix A. [ ]
Theorem 2 indicates that the proposed algorithm monotoni-
cally converges to a stationary point of problem (4). The mono-
tonic convergence guarantees an improved objective value with
random initialization. Moreover, the computational complexity
of the proposed BCD algorithm is analyzed. In Sub-iterations
1, the computational complexity of computing Z1, Z, X1, Xo
and X3 is O(2N3 + 3N3). The computational complexity of
Algorithm 1 in Sub-iterations 2 is O ((N3 + N3) logy(1/k)),
where O(logy(1/k)) is the complexity of dual variable p.
The computational complexity of the MM algorithm in Sub-
iteration 3 is O(N} +TN3}), where T is the iterative number.
Finally, the overall computing complexity of the proposed
BCD algorithm is O(Ly (2N3. 4+ 3N + N} + TN}, + (N3 +
NE) log,(1/k))).

F. Feasibility Conditions For Positive Secrecy Rate

In this subsection, we check the feasibility conditions that
the optimization problem (3) can be solved when it can achieve
a positive achievable secrecy rate to validate (3). Hence, we
first check whether problem (3) is feasible by taking into
consideration the AN jamming matrix Z > 0 satisfying

= %I and Tr(Z) = nP.,*> where n € [0,1]. To this end,

’Note that the AN power is uniformly distributed to each symbol, which
has been shown to be the best solution for the BS [31].



we conduct the following power minimization problem

_min Tr(W),
W-0,0

s.t. log |[I+H,WHY —1og|1+ﬂeWﬂf >R,

Tr(W) < (1 —n)P, (38)
where H; = CI'H;, C;CH = (I+H,ZA")"!, Vi € {s,e},
and R > 0 denotes the target secrecy rate for the system.
Provided problem (38) is feasible, the positive achievable
secrecy rate can be obtained. Now, let us solve problem (38)
to optimize W and © alternatively to achieve a sub-optimal
solution. To proceed, we divide (38) into the two following
subproblems to optimize W and © separately,

1) Optimize W for given ©:

min Tr(W),
W0

s.t. log IJrI:IsWI:If‘flog)IJrI:IeWI:If >R,

Te(W) < (1—n)P. (39)
The sub-problem (39) is readily solved via the First-
order taylor approximation [6].

2) Optimize © for given W: The sub-problem can be
equivalently reformulated as problem (30) [10], which
can be solved via the MM algorithm shown in Section
1I-D.

Thus, we solve problems (39) and (30) alternatively until
convergence.

IV. BENCHMARK SCHEME: IRS AIDED MIMO SECRECY
COMMUNICATION WITHOUT AN

In this section, we consider a benchmark scheme, i.e., IRS
aided MIMO secrecy communication without AN. In this
scenario, the intended signal is expressed as x = Ws, and
the achievable secrecy rate is given by

Rsec(w7 9) = {bg ‘I + ﬁSWWHﬁf

- -t
~log ‘I + H,WWHE H . (40)
Thus, its secrecy rate maximization problem is written as

{)nvfxg Rsec,

s.t. TilWWH) <P |exp(jay,)|=1,¥n=1,..., Ng. (41)
According to the idea of WMMSE transformation and Lemma
1 shown in Section III-A, problem (41) can be equivalently
modified as

max log|Xy|—Tr [Xl ((I-ZfﬁSW)(I—z{fﬁSW)H

Xy.71,0

+ZH7,)] +log |Xo| —Tr [X2(1+ﬁeWWHﬁf)] . (42)
Similar to the mathematical manipulations shown in Section
III-B-Section III-D, we can derive the optimal solutions for
Zy, X;(i € {1,2}), W, and ©. The BCD algorithm in
Algorithm 3 is similarly considered to deal with problem (42).
Specifically, at each iteration, W is first updated for given
X;(i € {1,2}), Z;, and ©® which is obtained via solving
problem (42) similar to Algorithm 1. Next, @ is updated for
given W, X;(: € {1,2}), and Z; via the MM algorithm
similar to Algorithm 2. Then, X;(i € {1,2}) and Z; are
updated, respectively, in terms of closed-form expressions for

410
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Fig. 2: System deployment

given W and ©. It can be shown that the objective value
sequence generated by the BCD algorithm employed to solve
problem (42) produces a monotonically non-decreasing trend
and its solution is guaranteed to converge to satisfy the KKT
conditions of problem (41).

V. SIMULATION RESULTS

In this section, the simulation results are presented to
demonstrate the performance of the proposed algorithm. The
system deployment is shown in Fig. 2, where the 3-D coordi-
nates of the BS, the IRS, the legitimate user, and the eaves-
dropper are (0, 5,10), (100, 0, 2), (100,3,0), and (90,2,0) in
meter (m), respectively. It is assumed that the BS is equipped
with Np = 5 transmit antennas , the number of the reflecting
elements at the IRS is N = 30, and the legitimate user and
the eavesdropper consist of Ng = 4 and Np = 3 receive
antennas, respectively, unless otherwise specified. All small-
scale channel coefficients are generated as the identical and
circularly complex Gaussian random variable with zero mean
and unit variance. Moreover, the large-scale path loss depends
upon the distance between any two nodes, which is expressed

asPL=A d% , where A = —30 dB denotes the path loss

at the reference distance dy = 1 m, and d denotes the distance
of the communication link between the BS and the IRS (i.e.,
dps—_r1Rrs), the BS and the legitimate user (i.e., dgs_yser), the
BS and the eavesdropper (i.e., dgs—_eve), the IRS and the legit-
imate user (i.e., d;rs—user), and the IRS and the eavesdropper
(i.e., djrs—_eve), all of which can be calculated based on the
coordinates shown in Fig. 2. In addition, the path loss expo-
nents of the BS-IRS link, the BS-user link, the BS-eve link, the
IRS-use link and the IRS-eve link are set to Bgs_rrs = 2.5,
/BBS—user = BBS—eve = 4, and ﬁIRS—user = /BBS—eve =2,
respectively, unless otherwise specified. The noise power are
set to be 02 = 02 = —105 dBm, unless otherwise specified.
First, we evaluate the convergence properties of the BCD
algorithm with different transmit powers P and different
reflecting elements Ny, in Fig. 3 and Fig. 4, respectively. From
these two figures, it is observed that the achievable secrecy



rate has an non-decreasing trend with iteration, and the BCD
algorithm achieves the convergence less than 10 iterations in
most cases, which validates Theorem 2. In addition, larger
transmit power or larger size reflecting elements plays a
positive role to increase the achievable secrecy rate.

Achievable secrecy rate (bps/Hz)

/ ———P-15dBm
— — P=10dBm
, . . |=-—-P=5dBm

.
0 5 10 15 20 25 30
Iteration number

Fig. 3: Convergence performance of proposed BCD algorithm with
different target transmit power.
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Fig. 4: Convergence performance of proposed BCD algorithm with
different reflecting elements Ng.

To demonstrate the advantage of the proposed scheme (de-
noted by “MIMO IRS with AN” in the simulation results), we
include the following three baseline schemes for comparison:

1) Baseline 1 [32]: We consider an IRS aided MIMO
secrecy system without the aided of AN, (i.e., Z = 0)
where the secure precoding and the phase shift matri-
ces are jointly optimized via the BCD algorithm. This
scheme is denoted as “MIMO IRS without AN”.

2) Baseline 2 [26], [27]: The secrecy precording and the
AN precoding are jointly designed without the aided of
the IRS in the MIMO secrecy system, which is denoted
as “MIMO with AN and without IRS”.

3) Baseline 3 [6]: We consider a classic MIMO wiretap
channel without the aided of the AN and the IRS, which

is denoted by “MIMO without AN and without IRS”.

—&—MIMO IRS with AN

—&—MIMO IRS without AN
—X%— MIMO with AN and without IRS D
—&— MIMO without AN and without IRS

)

o

(=]

Achievable secrecy rate (bps/Hz)

0 5 10 15 20
Transmit power (dBm)

Fig. 5: Achievable secrecy rate versus transmit power.
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Fig. 6: Achievable secrecy rate versus the number of BS antenna
Nr.

Next, we evaluate the achievable secrecy rate performance
versus the maximum transmit power P in Fig. 5. One can
observe from the figure that achievable secrecy rate increases
with the maximum transmit power P, which confirms the
property shown in Fig. 3. Also, we observe that the proposed
scheme outperforms the other three baseline schemes, > man-
ifesting the positive role played by the IRS to enhance the
achievable secrecy performance. * Moreover, the scheme with
AN and without IRS slightly outperforms that without AN and
IRS. This is due to the fact that the power allocation of AN
may not be sufficient to significantly improve the achievable
secrecy rate such that the AN only introduce a slight secrecy
performance improvement. However, it is evident that IRS

3“MIMO IRS without AN” “MIMO with AN and without IRS”, and
“MIMO without AN and without IRS”.

4The AN has been considered as one of most effective schemes to improve
the achievable secrecy performance [27].



achieves a better secrecy performance than its counterpart
without AN.

Fig. 6 shows that the achievable secrecy rate performance
versus the number of the BS transmit antenna N7, where
it can be easily observed that a larger number of the BS
transmit antenna leads to a higher achievable secrecy rate.
Additionally, similar behaviour and conclusion from Fig. 5 are
also observed here with different BS transmit antennas N7.
Fig. 7 describes the impact of the number of eavesdropper
antenna Npg on the achievable secrecy rate performance. As
expected, the achievable secrecy rate has a decreasing trend
with the number of eavesdropper antenna Ng. Moreover, the
proposed scheme has an better performance than other three
baseline schemes due to the positive impact from the AN and
the IRS.

—©—-MIMO IRS with AN

—B— MIMO IRS without AN
—>—MIMO with AN and without IRS
—&— MIMO without AN and without IRS

Achievable secrecy rate (bps/Hz)

2 3 4 5 6 7 8 9 10
Number of Eve antenna (N )

Fig. 7: Achievable secrecy rate versus the number of eavesdropper
antenna Ng.
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Fig. 8: Achievable secrecy rate versus reflecting elements Ng.

In Fig. 8, we evaluate the achievable secrecy rate perfor-
mance versus the reflecting elements at the IRS Ngr. With
the help of IRS, the achievable secrecy rate exhibits an
increasing behaviour with the reflecting elements Ny, whereas

the schemes without IRS remains constant with Ny in terms
of the achievable secrecy rate. This is due to the fact that
a larger number of reflecting elements brings a higher DoF
to optimize secrecy performance, and a more constructive
reflecting signal is produced to enhance the reception at the
legitimate user. In addition, the performance gain between the
IRS-aided schemes > and the schemes without IRS © becomes
larger, which highlights the advantage of the IRS via joint
optimization of the secure transmit precoding, the AN matrix
and the phase shift matrix.

Finally, we evaluate the impact of the path loss exponent of
the reflecting link (i.e., the IRS-user/eve link) at the IRS on the
achievable secrecy rate performance. It aims to investigates the
impact of the large-scale fading channel in the reflecting link
on the secrecy system performance. Fig. 9 shows the achiev-
able secrecy rate versus the path loss exponent of the IRS-user
link Brrs—user- It is apparent from the figure that the achiev-
able secrecy rate exhibits a decreasing trend with Brrs_users
owing to the fact that a larger-scale fading will result in a
weaker signal reflected from the IRS, diminishing the benefits
of the IRS. Additionally, the achievable secrecy rate versus
the path loss exponent of the IRS-eve link 57 rs_eve is shown
in Fig. 10, where we observe that the achievable secrecy rate
increases with 87rs_eve. This follows from the fact that the
weaker reflecting signal is introduced to degrade the reception
at the eavesdropper with large-scale fading channel between
the IRS and the eavesdropper. Actually, these two figures
reveal an engineering insights that the IRS should be carefully
deployed to enhance the system’s secrecy performance with
less blocking objects in the legitimate link or more blocking
objects in the eavesdropping link.

VI. CONCLUSION

This paper investigated the IRS aided secure MIMO wire-
less networks, where the secure precoder, the AN jamming
precoder and the phase shift matrix at the IRS have been
jointly designed to maximize the achievable secrecy rate with
the required transmit power budget. Due to the non-convexity
of the formulated problem, we proposed a BCD algorithm to
alternatively optimize the secure precoder, the AN jamming
precoder and the phase shift matrix. Specifically, we derived
the closed-form expression of the secure precoder and the
AN jamming precoder via the WMMSE algorithm and KKT
conditions, and the phase shift has been derived via the MM
algorithm to obtain its closed-form solution. We also analyzed
the convergence property of the proposed BCD algorithm.
Finally, simulation results have been presented to demonstrate
the superiority of the proposed scheme over the baseline
schemes, which highlights the positive role of the IRS for
the secrecy performance enhancement in the MIMO wireless
communication systems.

S“MIMO IRS with AN” and “MIMO IRS without AN”.
6<MIMO with AN and without IRS”, and “MIMO without AN and without
IRS”.
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Fig. 9: Achievable secrecy rate versus the path loss exponent of the
IRS reflecting link.

8.5

v N
o N »
T S T T

—©—MIMO IRS with AN
—B— MIMO IRS without AN
—>—MIMO with AN and without IRS
—&— MIMO without AN and without IRS

o
o
T

(&3}
T

Achievable secrecy rate (bps/Hz)
(o]

»
&
2

o
T

5 5 5
2 25 3 35 4

The pathloss exponent of IRS-eve link ( .o )

el
8]

Fig. 10: Achievable secrecy rate versus the path loss exponent of
the IRS reflecting link.

APPENDIX
PROOF OF Theorem 1

First, we show that the objective value in (30), denoted
as f(@), has a non-increasing trend and guaranteed conver-
gence. Also, (™) is also the optimal solution to problem
(35) due to the equivalence between (35) and (36). Thus,
g(@m+t19(m)y < ¢(6(™)|9(™)) holds. In addition, by ex-
ploiting these three conditions in (33) to easily achieve the
inequality £(@(™)) > f(@(+1)). Moreover, the unit modulus
constraint incurs a lower bound of f(6(™)), which ensures the
convergence of Algorithm 2. The first part of Theorem 1 has
been completed.

On the other hand, we will show that the converged solution
generated via Algorithm 2 is a KKT point of problem (22). It
means that its optimal solution, denoted by 8°P', has to satisfy
the KKT conditions of problem (35). Thus, the following

Lagrange function is considered:

Nr
L(6,X) = g(0]0"™) + > Xu(|6n] — 1),
n=1
where A = [A1, ..., Ay, ] denotes the dual variables associated
with the unit modulus constraint. It can be verified that there
exists an optimal A°?* to guarantee that the following KKT
conditions hold:

Voo L(0,X)]g—gon

(43)

Ngr
= Voug(0]0%) + > An(Vew |0, |)o—em =0, (44a)

n=1

An (0% — 1) = 0,Vn. (44b)
By applying the second condition in (33),
V@oplg(0‘00p1>|0=gopl = vgoplf(0)|0=90pl. (45)

Denote the objective value of (22) as p(8), it can be easily ver-
ified that Vo p(0)|e=gm = Vo f(0)|o=gm due to a series
of equivalent mathematical manipulations employed from (22)
to (30). To proceed, Vgong(0|0°)|g—gom = Vgorp(6)]g—gon
holds. Therefore, we have
Vo L(0, A)|g=gon
Ngr
= Vonp(0)|g=gor + Z A (Vo |0, |)o=gom = 0, (46)

n=1

which integrates with (44b) to guarantee the KKT conditions
of problem (22). The second part of Theorem 1 has been
completed.

PROOF OF Theorem 2

In order to prove Theorem 2, we denote the objective
function of problem (10) as RSEC(W,V,Xi,Zj,(-)). Also,
let us denote (W(”+1)7V(”+1),X§n+1)7Zg-"ﬂ),9("‘“)) as
the updated solution at the (m + 1)-th iteration, which can be
obtained via Step 2 of Algorithm 3. It can be verified that the
following relation holds

Rsec(w(n), v, @(n))

— }%Sec(vv(n-i-l)7 \/-(n+1)7 @(n+1)). (47)
where the first and last equalities are due to (13a)-(13c), the
first inequality is due to Step 2-a of Algorithm 3, the second
inequality is on the basis of Step 2-b of Algorithm 3, and the
third inequality follows Step 2-c and 2-d of Algorithm 3, re-
spectively. In addition, each solution sequence (W (™) V(")
(n = 1,2,...,Ly) is the feasible solution to problem (10).
Thus, (47) incurs a monotonically increasing trend of the
objective value sequence RSGC(W("), V("), 6(")). Moreover,
RSQC(W("), v, 6(”)) is upper-bounded due to the transmit
power constraint in (10).

Next, we will show that the converged solution
(Wopt Vort X P Z(])-pt7 ©°") secures the KKT conditions of
problem (4). It can be readily shown that the optimal solution
(WPt VoPY) gatisfies the KKT conditions of problem (14)



[27]. We denote the objective function of problem (14) as
C(W,V,0°") and write the Lagrangian function of (14) as
follows:
LW, V,7) =C(W,V,0%) + 1 (Tr(WWH)
+Tr(VVH) - P), (48)
where 7 > 0 denotes the dual variable associated with the
transmit power constraint. The Slater’s condition holds (14)
and (W°Pt V) is a KKT point of (14) [33]. Thus, there exists
an optimal 7°P" to guarantee the following KKT conditions:

Vwa L(W,V, 7)

W=Won
= VwaC(W,V, Q%) + 27P'WP =0, (49)
W=Won
vvoplﬁ(w7 \/v7 T)
V=Vvon
= Vv C(W,V, 0% + 27PVOP =, (50)
V=Vvon
P (Tr(WWH) + Tr(VVH) — P) = 0. (51
We can also verify the following relations:
Vwer Reee (W, V, X ZF, @)
’ W=Wort
= VwaC(W,V, %) , (52)
W=Won
VV"P‘RSEC(W7 Va X(i)plv Z(J)'plv ®opt)
V=von
= Vv C(W,V,0%) (53)
V=Vont

Vop
To proceed, we exploit the left hand side (LHS) of (52) and
(53) via taking the first-derivatives of W :~VV"pt and V =
VP, Now, we consider the first derivative of R, with respect
to W = W a5 follows:

wowe)]

Vwer Reeo (W, V, X ZF, @)
)] . (54
W=Wont

Substituting the closed-form expressions of X; and X3 shown
in (13a) and (13c) into (54), yields

VworRseo (W, V, X Z @)

7

W=Wopt

= —Tr [Xl <Vwop[E1(Z(1’pt,W,V, O°P)

—Tr |:X3 <VW0p1E3 (W, V, @Opt)

W=Wont
=—Tr [E(Z{", W, V, 0%) 1«
W_Wﬂm):|

Ty {Eg(w, V, @)1 (vwths(W, V, 0%

(vw“mEl (ngt7 Wa V7 G,)OPI)

(55)

By applying matrix differentiation identity, we have

Vwen Roeo (W, V, X ZF, ©F')
W=Wopt
= —Vwo log |C1(Z{", W, V, 0

— Vwan log |E3(W, V, %) |w:wopl ,
= anm 10g |X1 (Z({pt, W, ‘77 @()pt
+ Vwon log |X3(W, V, 0%

) ’w:wopl

) ‘w:w‘,pl
) ’w:wopl

= Vo Roee (W, V, 0% (56)

. N W=wWert
Similarly, we have

Vyon Reee(W, V, X, Z @)

V=Vopt

= Vv Rsee (W, V, @) , (57)

V=von

Voo Rsee (WP, VP X 77 ©)

9=0°n

= Vo Rsee (WP, VP @) (58)
6=0g0n

Thus, combining with (52) and (53), we obtain

Vwon Rsee (W, V, @) ‘
W=Wont

= Vwan C(W, V, @) . (59)

W =Wopt

Vvor Rsee (W, V, @)

V=Von
= Vv C(W,V, 0% (60)
V=Von

We substitute (59) and (60) into (49) and (50), respectively,

Vwen L(W,V,7)

W =Wopt

= VW‘WI Rsec (W7 V, ®opt) + ZTOptWOpt - 07 (6 1)

W=Wopt

Vv £L(W,V, 7)

V=Vopt

= Vv Reee(W, V, O +27PVOP = 0. (62)

V=Vvon
On the other hand, we have proved that 6°P* can satisfy the

KKT conditions of problem (22) such that (44b) and (46) hold,
and we can readily obtain

Voon Roec (WP, VP, X, 75 ©) ‘ =Vomp(0) ’ :
O=0ont 0=9°pt

(63)

Combining (63) with (58), the following relation holds
)} | VenRuo WV ©)| = Voup(6) (64)

W =Wont —@opt 0—=00°rt
We substitute (64) into (46), it is easily verified that
Vo L£(0, A)[p=pon = Voon Rgee (WP, VP, ©)
0=06°n
Nr

+ Z )\n(vgop!|0n|)g:00p! = 0. (65)

n=1
Therefore, the KKT conditions (44b), (51), (61), (62), and
(65) are exactly the KKT conditions of problem (4), which



has
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—
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[12]
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[21]

completed the proof of Theorem 2.
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