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Abstract—This paper studies secure communication in an
internet-of-things (IoT) network, where the confidential signal
is sent by an active refracting reconfigurable intelligent surface
(RIS)-based transmitter, and a passive reflective RIS is utilized
to improve the secrecy performance of users in the presence
of multiple eavesdroppers. Specifically, we aim to maximize
the weighted sum secrecy rate by jointly designing the power
allocation, transmit beamforming (BF) of the refracting RIS,
and the phase shifts of the reflective RIS. To solve the non-
convex optimization problem, we propose a linearization method
to approximate the objective function into a linear form. Then,
an alternating optimization (AO) scheme is proposed to jointly
optimize the power allocation factors, BF vector and phase
shifts, where the first one is found using the Lagrange dual
method, while the latter two are obtained by utilizing the
penalty dual decomposition method. Moreover, considering the
demands of green and secure communications, by applying the
Dinkelbach’s method, we extend our proposed scheme to solving a
secrecy energy maximization problem. Finally, simulation results
demonstrate the effectiveness of the proposed design.
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I. INTRODUCTION

Recent advances in wireless communications and smart
sensing technologies have promoted the proliferation of the
internet-of-things (IoT) to interconnect millions of physical
objects to the Internet. Nowadays, IoT constitutes an integral
part of the future Internet and has received much attention
from both academia and industry [1].

Meanwhile, the reconfigurable intelligent surface (RIS) [2]-
[4] has emerged as a promising technique for future wireless
communications. Specifically, RIS is a planar array with
massive low-cost reflective elements, which only consume
ultra-low power in tuning the phase shifts and/or amplitudes
of the incident signals to the RIS in a programmable manner,
achieving smart reflection to the desired direction of the im-
pinging electromagnetic (EM) waves [3]. Due to the reflective
characteristic and simple hardware structure, the hardware
cost and power consumption of RIS are much lower than the
traditional transmitter or relay which include a radio frequency
(RF) chain and power amplification components [4].

Recently, the work in [5] presented a joint active and
passive beamforming (BF) design in a RIS-enhanced multiple-
input single-output (MISO) network. In addition, [6] studied
the multi-group multi-cast transmission in an RIS-assisted
MISO system, where a fairness objective was tackled by a
majorization-maximization (MM)-based method. Besides, for
multiple-input multiple-output (MIMO) channels, spectral effi-
ciency (SE) optimization in a RIS-MIMO network was studied
in [7], where the authors proposed a manifold optimization-
based method. Furthermore, the authors of [8] introduced
energy efficiency (EE) optimization in RIS-assisted systems.
Nowadays, RIS-assisted transmission has been investigated in
various scenarios such as IoT networks [9], [10], simultaneous
wireless information and power transfer (SWIPT) [11], non-
orthogonal multiple access (NOMA) [12], hybrid terrestrial-
aerial networks [13], [14], anti-jamming communications [15],
[16], physical layer security communications [17], [18], and
cognitive radio networks [19].

Furthermore, the authors of [20] focused on the outage
constrained transmit power minimization problem in a RIS
assisted MISO system, and proposed a stochastic gradient
algorithm to solve it. Then, a two-timescale BF method was
applied in [21] for RIS-assisted networks, where an active BF
was designed with knowledge of instantaneous channel state
information (CSI), and the phase shifts were obtained based
on statistical CSI. Also, the RIS-aided MISO uplink network
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with imperfect CSI was studied in [22], where a penalty dual
decomposition (PDD)-based design was developed to design
the passive BF. From the EE perspective, the authors of [23]
investigated optimization design in an uplink multiuser MIMO
network with partial CSI by utilizing random matrix theory.
Then, the tradeoff between EE and SE was studied in [24],
where an iterative mean-square error minimization approach
was adopted to find the RIS phase shifts.

Among the above works, RIS is commonly used to establish
a cascaded link between the transmitter and receiver by
reflecting the incident signal. On the other hand, RIS can also
be applied in a transmitter design. The main advantage for
the RIS-based transmitter architecture is that RF chains and
antennas with power amplification are not required, leading
to a significant reduction of the design complexity, hardware
cost and power consumption. Generally speaking, modulation
for RIS-based transmitters can be classified into two cate-
gories, namely, RIS-based direct modulation [25] and RIS-
based space modulation [26]. For the former, RIS-enabled
transmitters have successfully realized binary frequency shift
keying (BFSK) modulation [27], quadrature phase shift keying
(QPSK) modulation [28], and high order quadrature amplitude
modulation (QAM) modulation [31]. While for the latter, [29]
proposed MIMO transmission with RIS-enabled transmitter,
and [30] proposed multi-channel transmission using space-
time coding with RIS-enabled transmitter.

The above works are mainly based on the reflective RIS.
Recently, some works have attempted to focus on the refract-
ing RIS [32]-[34]. Particularly, according to [32], the reflective
RIS would lead to occlusion for the feed source and it also has
higher feed blockage compared to the refracting RIS, thus the
latter is more suitable to deploy at the transmitter. Based on
this observation, a refracting RIS-based transmitter structure
was proposed for a multiuser downlink network in [33],
where a joint power allocation and BF scheme maximized the
information rate. Then in [34], a refracting RIS-based receiver
structure was proposed for multiuser uplink network, where
an alternating optimization (AO) algorithm was developed to
maximize the system sum rate.

Security is an important aspect in wireless communications.
RIS can enhance or weaken the reflecting signal power in
different directions, thus is beneficial to achieve secure com-
munication. Specifically, secrecy transmission was studied in
[35] and [36] in RIS-aided MISO channels. Moreover, in [37]
and [38], a robust secrecy design was presented in MISO
networks, where a PDD-based method and concave-convex
procedure (CCP)-based approach were proposed, respectively.
Also, [39] proposed a MM-based algorithm to optimize the
secure precoding and passive BF in RIS-aided MIMO chan-
nels. Then, in [40], the secrecy energy efficiency (SEE)
optimization was developed in RIS-assisted networks, where
the Dinkelbach’s method based algorithms were proposed.

However, the transmitter in [35]-[40] based on traditional
transmitter structures requires a large number of RF compo-
nents and antennas. To compromise the secrecy performance
and the system implementation complexity, we investigate
secure communication of a double RIS-assisted network,
where a refracting RIS is used at the transmitter to send the
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signal to the legitimate users, and a reflective RIS is used
to reconfigure the channel environment. To be specific, we
aim to maximize the weighted sum secrecy rate by jointly
optimizing the transmit power allocation and BF, and the
RIS phase shifts. To tackle this problem, a new linearization
method is developed to transform the objective into a quadratic
form. Then, we decouple the reformulated problem into several
subproblems, where each subproblem can be solved efficiently.
Finally, simulation results demonstrate that the sum secrecy
rate of the proposed scheme is close to that of a traditional RF
transmitter, while the former has simpler hardware architec-
ture, lower power consumption and better SEE performance.
We summarize our contributions as follows:

1) A novel multiuser downlink secrecy network is inves-
tigated, where a transmitter, which consists of a feed
source and an active refracting RIS, sends confidential
information to several legitimate IoT devices (IoTD),
and a reflective RIS is adopted to strengthen the inci-
dent signal at the legitimate users in the presence of
multiple eavesdroppers (Eves). This network architecture
has the following benefits: 1) Compared to a traditional
RF transmitter, the active refracting RIS is deployed to
reduce power consumption; 2) The hardware cost of the
refracting RIS is much lower than that of a traditional RF
transmitter; 3) Reflective RIS is utilized to reconfigure the
incident signal towards the intended direction and thus
smartly enhance the degrees-of-freedom.

2) To measure the secure performance of the network, we
formulate the weighted sum secrecy rate problem. To
tackle the formulated problem, we adopt the first-order
Taylor expansion to approximate the receiving rate of
each IoTD and each Eve, thus we obtain an approximated
objective with a quadratic form. Then, we decouple the
reformulated problem into three subproblems. Specifi-
cally, for solving the power allocation optimization sub-
problem, the Lagrange dual method is adopted to obtain
a semi-closed form solution by using the bisection search
method for the dual variable. As for the second subprob-
lem of optimizing the transmit BF of the refracting RIS,
a two layer iterative algorithm using the PDD method
and a computationally efficient element-wise Lagrange
dual method are proposed to obtain the solutions, by
considering both the cases of discrete and continuous
coefficients. For the last subproblem, the passive BF of
the reflecting RIS can be found by the PDD or element-
wise Lagrange dual method. Building upon the above
steps, a fast-converging alternating optimization (AO)
method is developed, which converges in few iterations
and is suitable for practical.

3) To meet the future green communication demands, we
extend the proposed scheme to the SEE design. Specifi-
cally, by updating the slack variable in a one-dimensional
search manner, we integrate the proposed algorithm with
the Dinkelbach’s method to solve the SEE maximization
problem. Finally, our simulation results demonstrate the
effectiveness of the proposed design and reveal several
meaningful insights: 1) When given the same transmit
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power budget without considering the power consumption
of the static circuit, the traditional transmitter slightly
outperforms the RIS-based transmitter in terms of SE,
due to the spatial modulation ability provided by the RF
chains and multiple antennas; 2) With the same system
power consumption budget, our proposed scheme with
RIS-based transmitter is superior to the traditional RF
transmitter based scheme in terms of EE.

The remainder of this paper is organized as follows: Section
IT presents the signal model of a refracting RIS-enabled
transmitter and the network model with a reflective RIS. The
weighted sum secrecy rate maximization problem is formu-
lated in Section III, where an AO scheme is proposed and the
subproblems are solved using the corresponding algorithms.
Then, Section IV extends the proposed design to the SEE
design and Section V analyzes the computational complexity
of the proposed AO scheme. Finally, Sections VI and VII
present the simulation results and conclude the paper.

Notations: Throughout the paper, boldface lowercase and
uppercase letters represent vectors and matrices, respectively.
The transpose, conjugate, conjugate transpose, trace and the
maximum eigenvalue of a matrix A are denoted as A7,
A*, A" Tr(A), and Apax (A), respectively. ||-|| indicates
the Euclidean norm and Diag (a1, ...,ay) equals a diagonal
matrix with aq,...,ax being the main diagonal elements. I
defines an identity matrix. [#]" means max {0, z}. In addition,
R{-}, || and £ (-) stand for the real part, the absolute value,
and the angle of a complex variable, respectively. The letter j
is used to represent /—1 when there is no ambiguity.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We start by introducing the system model for the considered
multiuser MISO downlink network with multiple Eves. Then,
we present the signal model for the refracting RIS-based
transmitter in detail. Finally, a weighted sum secrecy rate
optimization problem is formulated.

A. System Model for the Secrecy Multiuser Network

A downlink multiuser MISO system is illustrated in Fig.
1, which consists of a single refracting RIS-based transmit-
ter, a reflective RIS, L legitimate IoTDs, and L Eves. The
transmitter and the reflective RIS have M and N elements,
respectively, while all the IoTDs and Eves are equipped
with a single antenna. Besides, two RIS-controllers control
the transmitter and the reflective RIS for CSI exchange and
signal transmission. We denote F € CN*M | hy; € chNxL,
8d,1 € CNx1, h,; € CMx1 and g1 € CMx1 a5 the channels
from the transmitter to the reflective RIS, from the transmitter
to the [-th IoTD/Eve, the reflective RIS to the [-th IoTD/Eve
(I=1,...,L), respectively. In addition, similar to [35] and
[39], we assume that all CSI can be perfectly obtained by the
transmitter in this paper.

The transmitter sends L independent data streams in the
same frequency band simultaneously, where the confidential
signal for the [-th IoTD is denoted as s;, which is normalized
as |s;|> = 1. Here, artificial noise (AN) is transmitted to
enhance the performance, defined by sg satisfying |so\2 =1
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Thus, the signal transmitted by the transmitter is given by
X =W (Zle a;s; + aos(p, where a; and ag represent the
corresponding amplitude for s; and sg, and w is the BF
coefficient of the refracting RIS, which will be discussed in
the next subsection in detail.

The signals received by the [-th IoTD/Eve are, respectively,

given by
L

Yol = (hdl—i—h (-)HF WZalsl—i—nbl,

=0

- (1)
Ye,l = (gé_{l + gEZGHF) Wzasz + Ne 1,

where ny,; and n.; are the zero- meanlz;c(l)ditive white Gaussian
noise at the [-th IoTD/Eve, with power Uf , and o2 1> Tespec-
tively. Here, ® = diag (6y,...,60x) is the BF matrix for the
reflective RIS, with 0, = ej“"",gan € [0,2m),Vn € NV =
{1,..., N}, where @, represents the phase shift of the n-th
element. Similar to [35], we assume that the amplitude of the
reflective RIS is normalized due to its passive characteristic,

and ¢y, is equally spaced over [0, 27), thus we have

A .
On € Xg = {anwn = eI, on 68@}7 (2
(29 —
where S, £ 0, 2 e RREE 2(22@% , and @), denotes the

number of quantization bits. In addition, when @}, — oo, the
phase shift model in (2) converges to the continuous case, i.e.,

0, € X. 2 {0, |0, =1} [42].
By denoting 8 = [64, ..., GN] we obtain
(hf, +nl 0 "F)w = 0" Hw,

(gii + 80" F)w = 6" Gw,
{HH,l}H, H, = [dlag(h )F hdl} . and

G = [diag (gfl) F, ggl}T, respectively.

Here, we assume that each Eve attempts to intercept the
confidential signal sent to its nearest IoTD only, mainly due
to the fact that the IoTD may spread in a region with a certain
distance from each other. Thus, from Eve’s point of view, it is
more efficient for each Eve to intercept the signal send to the
nearest [oTD rather than an IoTD located far away. Therefore,
the secrecy rate for the [-th [oTD is given by

Ry =[In(1+7,) —In(1+7)]", )
and the signal-to-interference-plus-noise ratio (SINR) at the

3)

where 6 =
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l-th IoTD/Eve are, respectively, given bzy

éHI:Ilwal’
Tb,l = 2 5
‘0 kaal +1
=0, z;«él’\ ) , (5)
’0 leal’
Ye,l = 2 5
’0 kaal +1
i=0 z;él

where ﬁl = Hl/(fb,l and Gl = Gl/o'e,l-

In the rest of this work, we omit the operator -] for
simplicity, due to the non-negative nature of the optimal
secrecy rate.

B. Signal Model for the Refracting RIS-based Transmitter

As shown in Fig. 1, the transmitter has a feed antenna
which constantly emits EM waves (i.e., single-tone carrier
signals), and a M element refracting RIS is used to adjust the
amplitude and phase of the EM waves [33], [34]. We denote
the refracting RIS BF vector as w = [wy,...wy]" € CM*1,
where w,, = a,elPm, with ay, € [0,1], 8, € [0,27),Ym €

2 {1,...,M}. Here, o, and (3, denote the amplitude
and phase response of the m-th element, respectively.

Discrete phase shifting is used in practical realizations due
to its advantages in reducing hardware complexity, thus this
paper assumes discrete values of «,, and (,,. Let @), and
Q5 represent the number of quantization bits for a,,, and 3,
respectively. Thus, we have

Wy €Wy 2 {wn, |wm:amej6m,am68a,ﬁm€85 b, (©)

A _ . .
where S, = {a1,...,a0,} denotes the amplitude set with
A 27 (296 —1
|So| = 29, and S5 = {0, 2%7...,% denotes

the phase set, i.e., the discrete phase shifts are equally valued
over [0,27) [43]. Note that S, = {1} when Q, = 0, while
S, = {0,1} represents an on/off operation when @, = 1

[43]. Moreover, when @), — 00 and Qg — 00, the model in

. . . . A
(6) turns into a continuous coefficients case, i.e., w,, € W, =

{Wnm, ||wm| < 1} [33], which can be treated as an upper bound
on the performance.

C. Problem Formulation

Our objective is to maximize the weighted sum secrecy
rate by jointly designing the power allocation {al}l o> the
BF vector w, and the RIS phase shift 6, which is written as

max Ry = Z oo(In(T+v) —In(1+7.,:)) (7a)
{al}zL=07Wa0 1=1
> _af < Poar>0,91, (7b)
1=0
Wy, € Wy, Ym € M, (70)
On € Xa,Vn €N, Oy 11 =1, (7d)
where o; is the weight for the [-th IoTD satisfies

(O <o <1, Zlel o = 1), and P, indicates the transmit
power budget for the transmitter.
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III. THE PROPOSED DESIGN

Due to the non-concave form (7a), the optimization problem
(7) is hard to solve. In the following, the objective function
(7a) is firstly linearized and problem (7) is decomposed to
three subproblems. Then, we propose an iterative algorithm to
update the variables until convergence.

A. Lower Bound on the Objective

We aim to find a lower bound on (7a) around the given
point {{af}lL:O 7w’f,ét} at the t-th iteration. The following
two Lemmas can be used to transform R,; into a solvable
formulation.

Lemma 1 [44]: For any u and v, we have

2 _
In M >1In |u\ ) @
v i
_ (8)
+2§R{ﬂ*u} @ (v—i— |ul )

v v (17 + |4 )
where {u, v} are fixed points.

Based on Lemma 1, a lower bound on the receiving rate of
the [-th IoTD is expressed as

\f|2 Jaf
In (1+'ybl)>ln 1+ i - lt

yl Y

2 )
R @) jaf|” (yz+lmz|)
t - 2 ’
vi i (vt +1a1I*)
~H ~ ~H ~ 2
where z; = 0 Hyway, y; = ZiL:O il ‘0 Hywa;| +1, 2! =
2
6") "Hwtal, and of = 2L, (6) Eiwtat] 11
whay, and yp = >0, what| + 1,
respectively. Then, we obtain
L
AH ~ 2
—In(147e,)=In| 1+ Z ’0 G;wa; In (142), (10)

i=0,i#k

L ~H ~
where z; = > .7 ‘0 Gwa;

Lemma is introduced.

2
. To handle (10), the following

Lemma 2: For any {u;}"_,, we have

=1’
In <1+Z|ui2> >1In <1+Zul| ) ZWZ‘Q
i=1 =1
3 fuft (14 X af?) - OD
—&—Z%{{u uf— - =1 7 =1 ,
1+ 3 |ag)?
=1

where {ﬂi}le is a fixed point.
The proof of Lemma 2 is straightforward. In fact, by using
Lemma 1 with v = 0 = 1, we have

In (1+ o) > 1n (1+[a*) o’
faf* (1+ Juf?)

(12)
+2R{u" u} —

TC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Internet of Things Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/J10T.2022.3210115

IEEE INTERNET OF THINGS JOURNAL, VOL. XX, NO. XX, 2022

Then, by fixing u; for i = 2,..., L, it follows that
In (5+ |u1|2) > In (s+ |a1|2) ~a
jan* (5 + s )
(S + |ﬁ1|2)
where S = 14 322, |u,|?. Thus, by using (13) for u; with
fixed other u; from ¢ = 2 to ¢ = L, we obtain (11).
According to (11), we obtain the following inequality

13)

+2§R{’LT{’LL1} —

L
~H ~ 2
In|1+ Z ’0 Gywa;
i=0,i5£l

~\ H ~
0) Gwlal

L
>n |1+ >
i=0,i£l
L
-

i=0,i7l

L
+ Z 2R {ain(}fIé(ét) Hélwtaf}

i=0,i7l

(ét)Hle o| (14)

t

2
i

L
~H ~
S| Y [0 Guwa
! i=0,i#l

7

At

where ¢} = ZiL:O)#l ‘(9 ) Gw'al
Next, we focus on the second term in (10). Due to the

concavity of the logarithm function In(u) < In (uo) + = — 1,
we have [45], [46]
(4> -—m(te) - ST as)
! ! 1+2f 7

t L AT A ?
where 2z} =) _." (0 ) Gywhal

Thus, we obtain the following problem
L
Z@z o (DY
U\ i=0,izl
|acl| 2’0 H;wa;

2
i (vt + 1a41°)
L

— Z 23?{ainéf{é(ét)Hélwta§}

i=0,i%l

~H ~ 2
0 Gywa;

{al}z 0,w9

2 2

L .5~
> 10 Gywa;
i=0

1+2f

(16a)

~ o~/ A\ H ~
2%{aleHlHH(0t> letaf}

yi

s.t. (7b) — (7d). (16b)
Therefore, the original problem (7) has been converted to an
approximated problem (16). In the following, we will further
decouple (16) into several subproblems and propose an AO
scheme to solve (16).

B. Power Allocation Optimization
Now, the power allocation subproblem is considered. To be

. . . At
specific, around the given point {af}lf;o ,wh 0 } the power
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5
allocation problem can be formulated as
min a; 2T — 2ayty
(s 12; (17)
s.t.  (7b),

where {1}, t;}" =0 are obtained by merging related items with
respect to {al}l o» Which is glven by

L Qi|$§l ‘ 9

Ty =
i=1 yz (yl + |‘T | )
NH 2 N 2
L 0 (0) G,w! L oict (9) G,w!
+ )
; 1+ 2zt ; 1+t
H
to = ZQ’L { GHBf (0 ) letaf)}
(18)
At ~ 2
QZC;: (9) let
T, =10 — Vi
l 0 1+Cf ) 9
L s N
=Y gﬁ%{(wt) Gle' () Giwtaf}
i=1,i#l

~ ~t\ H ~
Ql%{(wt)HH{{Gt (Hf) letaf}

v

+ V.

Although problem (17) is convex and can be solved by
the optimization toolbox CVX [48], it is not computationally
efficient. Here, we propose a more efficient method by using
the Lagrange dual approach. Firstly, we derive the Lagrange

function of (17) as
L

L ({al}leo , /\) :z (alT; 2alt1 EDY (Z ajy —

1=0
where A > 0 is the dual variable with respect to (16b). Hence,
we define the following dual function
g(A)= min £ ({al}l 0> ) )
{al}l 0

and the dual problem is formulated as max g (A) st.A>0.

, (19)

(20)

For a given A\, we define the corresponding solution to (20)
as {a ()‘)}ZL:O‘ Then, by computing the first-order derivative
with respect to a;, we obtain the following equation

A

al) =37 T

In addition, the optimal A\* needs to satisfy the complemen-

ai (\*) — Py | = 0, which
1=0

can be solved by considering the following two cases

D If Zl 0 @7 (0) < Py holds true, then the optimal A\* is 0.
2) Otherwise, \* can be obtained by solving the equa-
tion Y1 aF (\) = P e Sy t7 /(A + 1) = P,
It does not appear possible to derive a closed-form solu-
tion. However, by calculating the first-order derivative, it
can be easily proved that ZlL:O t? / (A+T;)? decreases
monotonically with respect to A when A > 0. Thus, the
bisection search method is applied to select A. In addition,

2y

L
tary slackness condition \* (Z
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an upper bound on A can be found by setting 7; = 0, V1.
Then, according to Y1 t2 / A2

on ) is \¥b = ,/Zfzot%/Ps.

The detailed steps for finding {al}lL:O and X are summarized
in Algorithm 1.
Algorithm 1 The Lagrange Dual Algorithm.

1: Initialize A\*® = 0 and \*b = \ /ZzL:o t?/PS;

2: Calculate {a; (O)}lL:o according to (21). If P (0) <
A* = 0. Otherwise, move to step 3;

3. repeat

. Calculate A = ()\”’ AU /2;

5: Obtain {a; (0 )}l o according to (21);

b _ >
6: Calculate P (\) and set { A A if P () > P,

)\“b = ), else.
7. until If ’)\lb — )\“b| is below a certain threshold ¢, termi-

nate, otherwise, move to Step 4.
8: Output {)\*7{al*}f:0}.

= Ps, an upper bound

P@v

C. Transmit BF Optimization
Here, we focus on the optimization of the transmit BF w.
With fixed {{af}fzo,wt,ét}, we formulate the following
problem
n%\i’n w’Aw — 2R {w'b}
s.t. (7c),
where A = Zle 0iA;and b = Zlel o;b;. Here, A; and B;
are, respectively, given by

9 ot at\ H =~
ot ¥ (a0 (6") "

o (ot +elF)

(22)

A=

NH
G, (23)

L
~ At/ at\H ~
+ Z GI16'(8") Guw'(a!)” W,
In fact, the semldeﬁmte relaxation (SDR) method [40] has
been adopted to handle problems similar to (22). Here, we
propose a PDD-based scheme to optimize these variables,

which can find a closed-form solution with relatively lower
computational corrrllplexuy To be specific, the slack variable

r = [r,...,ru] CMx1 ig introduced to (22), where
Ty = ame]ﬂ’",Vm € M satisfies r = w. Then, we
reformulate (22) as

I&iPWHAW — 2R {wa}

(24)
st.w=r,r, € W;,Vm € M.
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The augmented Lagrange (AL) problem of (24) is given by

minw” Aw — 2R {w"b} + i||W —r+pA|?

wor 2p (25)

st |wl? < M,rp, € Wa,Vm e M,
where p > 0 and A € CM*! are the penalty factor
and the scaled dual variable associated with the constraint
w = r, respectively. In fact, it has been proved that when
p < 0.5/Amax (A), (25) is bounded and can be guaranteed
to converge [47]. However, when the value of Anyax (A) is
large, the initial penalty term 0.5/p needs to be large enough,
thus restricting the search space of (25). As an alternative, a
new constraint ||w||> < M is introduced to expand the search
space without loss of the optimality since |w,,| < 1 [21].

The PDD procedure is composed of two layers. In the

outer layer, we update p and A, while in the inner layer,
we decouple (25) into two blocks and optimize w and r
alternately. Specifically, in the inner layer, we first optimize
w with given r. The optimization problem is written as

minw? Aw — 2R {wb} + —[lw —r + pA[]°
w 2p

(26)
s.t. lw|? < M.
(26) is convex and the optlmal w 1s obtained by:
d, if |d|* < M, -
VM d/|\d||, else, @7)

-1
where d = (2A—|— %) (2b+ 5 )\).
Then, we focus on the optimization of r with given w. By
ignoring constant terms, the problem is given by
min|lw —r + pA||* (28a)

S.t. T € Wy, Vm € M. (28b)
Since the inner components of r are decoupled in (28a)
and (28b), the optimal solution of (28) is 77, = a,e’Pm,

where f,, = argmin|B, — Z (Wm + pAn)| and &, =
ﬂm, ESB

arg min Q€I EBm — qp,, — PAm| [43].

Lo €Sa

Hence, w and r can be iteratively computed until conver-
gence, which completes the inner layer optimization. For the
outer layer iteration, A and p are updated using

A=A+ (w—r)/p, and p < 7p, (29)
respectively, where 7 < 1 is a constant scaling factor that is
used to control the value of the penalty term in each outer
iteration [21]. The PDD scheme is summarized in Algorithm
2, and the convergence has been proved in [49].

Next, we tackle the BF optimization in the continuous
coefficient case. Specifically, the problem is given by

minw’ Aw — 2R {w''b} (30a)

|wm| < 1,Vm € M. (30b)
Then, the PDD scheme can be used to transform (30) as
min |w —r + pA|°

€Y
st |rm| < 1,Vm e M.
(31) is a projection problem and the optimal solution is
| dm, i |dm] <1, (32)
m = dm/|dm]|, else,
where d,, = Wy, + pAm

Here, we resort to a more efficient approach to design w,,.
Specifically, we adopt the Lagrange dual optimization to w,,
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Algorithm 2 The PDD Algorithm.

Algorithm 3 The element-wise Lagrange dual method.

1: Initialize {WO, r0, )\O,po} and set i = 1;

2: repeat

3 Set wi—1f = wi=1l pi=Lf = i1 apd ¢ = 0;

4 repeat

5 Update w*~1‘*1 by (27);

6: Update r*~1¢+1 by (32);

7: until Convergence.

8 wh ¢ wi—bl i pim 1L,

9: IR + (wi=1") /p', p' 7Y

10: i1+ 1;

11: until sz —rt || < ¢ or exceed the maximum number of
iteration.

12: Output {w* r*}.

by fixing the coefficients for other wy,Vl # m, which has
a semi-closed-form solution. Particularly, wH Aw and wb
can be refonnljl\}[at%c} as

W AW = 305wt = i
i=1 j=1
M M M (33a)
F2RS D whamwy o+ > Y wiagjwj,
J=Lj#m Zf;i; piiey
whb = Zw bi = whbm + Z w;bi, (33b)
i=1,i#m

where a; ; denotes the (7, j)-th element of A and b; represents
the i-th entry of b, respectively.

Then, by substituting (33a) and (33b) into (30a) and ignor-
ing the irrelevant terms, we arrive at the following optimization
problem with respect to w,,, where w; (i # m) is fixed
(34a)

min - Wy, Gm,mWm — 2R § Wy, bm
W,

|wpm| < 1,Vm € M, (34b)
where by, = by, — Zﬁl j£m @m,jw;. The Lagrange function
of (34) is given as
LWy N) =W oy 0 —2R {wfnbm }—|—)\ W} wm—1), (35)
where A is a dual variable.

Then, based on |w,,|, we have three cases:

1) 0 < |wp,| < 1: we have A = 0 according to the com-
plementary slackness optimization. Then, by calculating

the first-order derivative, we obtain w}, = I;m /

should be noted that if Bm Gm,m| > 1, both w,, and

the value of objective function are actually infeasible.
2) |wp| = 1: since (34a) can be simplified as @, m —

2R L w by,
3) |wp| = 0: we have w}, = 0.

Am,m- It

, the optimal solution is w}, =bm /|bm

By comparing the objective values in these cases, we obtain
the optimal solution to (34). Then, we successively optimize
each w,, using the Lagrange dual method until convergence.

The above element-wise Lagrange dual method is summa-
rized in Algorithm 3.
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1: Initialize w®, and set ¢ = 0;
2: repeat
3

for m=1to M;

Bl

Computer b, and the corresponding objective for
cases 1-3; Select the optimal w,,;
5: end
6 qg+—q+1;

7: until | w9 —
of iterations.
8: Output w”.

w1 H < ¢ or exceed the maximum number

D. Reflecting BF optimization

To optimize @ around a given point {{af}fzo ,wh, ét} we
have the following prob}gm: "
min§"' 00 — 20 {0" ¢}
6 (36)

s.t. (7d),
where © = Y7 0/ and ¢ = 3.1, o1b,, with ; and ¢,
are given by

L - -
2f)* 3 (ab) Hyw! (wh) THY
=0
t (.t t12
Y (yl + |]] )
L 9 ~
> (ah)*Gwh(w'
1+ zf

Q=

y1GH

aﬁ)zélwt(wt)Héf{ @37

' Vi
+ 1+C? ) )
HexHAL 62
HTH0 (a))
yi

Z GlW

1=0,i#l
When @ is discrete-valued, we introduce the auxiliary vari-

Hwt (w

¢ =

)G (af) V.

T °
able u = [ug,...,uy,1]" € CN+tUXL where u, = e/¥n
satisfies u = 6. Then, following a similar approach as
in the previous subsection, we obtain u; = eJ4Pn  where

@n = argmin |, — Z (0n + pAn)|.
PnES,

In addition, when @ is continuous-valued, we apply the
element-wise Lagrange dual method to optimize 6. Since
|6,] = 1, by denoting €; ; and ¢,, as the (4, j)-th element
of €, and the n-th entry of ¢, respectively, we obtain the
optimal 6,, as 6} = ¢~)n / ‘g?)n’

E. Algorithm
We have transformed (7) into a solvable problem and
the AO scheme is summarized in Algorithm 4, where
A
R, ({af}fzo ,wh 0 ) represents the obtained value of (7a)
in the t-th iteration. According to Theorems 1 and 2 in
[35], Rs increases monot(l)nously during the iteration, i.e.,
t
Ry ({ i 1}l AN )gRs ({al}l:mw ,0), which
is guaranteed to converge.
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Algorithm 4 The algorithm for the proposed AO scheme.

. B . ol 0 a0
1: Set t = 0 and initialize {{al}lzo,w .0 },

2: repeat
3 Solve (17) to {a}l,

it

obtain with  fixed

4 Solve (22) to obtain w with fixed { {a{}_,, W', 0 };
5: Solve (36) to obtain 6 with fixed {af}fzo ,wh, é' ;
~ 1 ~

6: {{afﬂ}f:o witl " } — {{al}leo ,w,B};

7: t+—t+1; . . t1

8: until R‘g({af}lf;o ,wt 0 )fRs ({af‘l}lzo ,wi 0 )
< ¢ or exceeds the maximum number of iteration;

9: Output {{a?}lL:O ,W*, 0 }

IV. EXTENSION TO THE SEE DESIGN

Compared to the traditional setting with multiple antennas
and multiple RF chains, RIS is more energy-efficient. On
the other hand, SEE is an effective metric to measure the
tradeoff between safety and energy consumption [41]. Thus,
in this section, we investigate the SEE design. The total
power consumption comes from the transmit power of signals
and static circuit power at the feed antenna, refracting RIS,
reflective RIS and controllers. Specifically, the total power
consumption is modeled as

Prot = % + MP(Qu) + MP(Qs) + NP(Qp).

where P; = ZlL:O al represents the dynamic power to
transmit the signal and AN, 0 < ¢ <1 is the power amplifier
efficiency factor for the transmitter. Q)«, @3, and Qg represent
the per-element hardware dissipated powers at the RIS with a
Q-bit quantization.1 For the given M, N, Q, @, and Qy,
the term C' = P, + MP (Qn) + MP (Qg) + NP (Qp) is a
constant, and is used to simplify the notation.

The SEE is commonly defined as the ratio of the secrecy rate
to the total power consumption [40]. In the considered system,
the secrecy rate is actually the weighted sum secrecy rate
among all IoTDs. Thus, the formulated optimization problem
can be written as

(38)

R,
max
D DY AR (39)
=0
s.t. (7b) — (7d).

Using the Dinkelbach’s method and introducing a slack
variable 7, problem (39) which has a fractional form can be
converted to the following linear one

L
/] (Z a% + C’)
1=0

max
{al}{‘:ovwﬁe

s.t.  (7b).
The update of n in the ¢-th iteration is given by [23]

(40)

! According to [4], the power consumption of a single RIS element for 3-bit,
4-bit, 5-bit and 6-bit resolution quantization are given by 1.5 mW, 4.5 mW,
6.0 mW and 7.8 mW, respectively.
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At
R, ({af}fzo ,wt. 9 )
L ) :
> (a)" +C

1=0
On the other hand, for a given 7, (40) can be solved

utilizing a quadratic form expression to approximate the non-

concave Rs. The main difference is that (40) has the extra

term 7 (ZlL:O al + C) in the objective. To be specific, around

(41)

the given point {{af}lL 0 W ét, nt}, we have the following

problem with respect to {al}l 0 as

min 7 Zal +Z alTl 2altl)

{al}L =0 1=0

s.t.  (7b),
which can be solved using Algorithm 1 with a;(\) =

—ti/(A+nt +T),VI.

Besides, when given {{af}fzo,nt}, n (ZZL:O a? + C’) is
irrelevant with w and é, the PDD method can be adopted to
solve the SEE problem. The solution to the SEE optimization

in (39) is summarized as Algorithm 5.
Algorithm 5 The SEE optimization algorithm.

(42)

I: Set t = 0 and initialize {{a?}lL:O ,wo, 907170};
2: repeat
3 Obtain {{af}fzo ,wh, ét} by Algorithm 4;
4: Update 1 via (41);
5: t+—t+1;
6: until |n' —
of iteration;
7: Output {{a?}fzo ,w*,é*,n*}.

n'=!| < e or exceeds the maximum number

V. COMPLEXITY ANALYSIS

In this section, we analyze the computational complexity of
the proposed scheme. First, we note that the complexity of
optimizing {al}lL:O is much lower than that of optimizing w
and 6. Thus, we mainly focus on the optimization of w and
6. According to [21], the complexity of solving (22) with the
PDD method is O (TOTIM 2), where T and 717 represent
the iteration numbers of the outer layer and inner layer,
respectively. In contrast, the complexity of solving (22) with
the element-wise Lagrange dual method equals O (TgM?),
where TE indicates the number of iterations [35]. Thus, the
total computational complexity of Algorithm 4 for the discrete
and continuous coefficient case can be, respectively, given as

Ca = O (TaoToT; max {M2 N?}), "

C —O(TAoTEmaX{M2 NZ}) ( )
where T'ao stands for the number of iterations of the AO
procedure [7].

Moreover, since Algorithm 5 includes one dimensional

search of 7, its Complex1ty can be estimated as
Ca = O (T, TaoToTi max { M? N?}),
Cc = O (T, TaoTp max { M? N?}),

for the discrete and continuous coefficient case, respectively,

where T}, stands for the search time of 7 in the outer layer.

(44)
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VI. SIMULATION RESULTS

The simulation scenario is illustrated in Fig. 2, there is
one transmitter, one reflective RIS, L = 4 IoTDs and L =
4 Eves, where the transmitter and the RIS are located at
(10m, Om, 10m) and (Om, 50m, 10m), respectively, while all
IoTDs are randomly deployed in a square with side length
10m and centered at (10m, 50m, 1.5m). In addition, each Eve
is randomly located in a circle with radius 2m and centered
around the nearest 1oTD.

Reflective RIS

Refracting RIS 4

50 m 4

<y

7
I0TDs and Eves area -~

i

<%
A
i
(=}
B
¥

Fig. 2. Simulation scenario.

The following settings are adopted unless otherwise spec-
ified: Qo/Qp/Qo = 3, M = 20, N = 60, P, = 0 dBm,
op, =02, =—80 dBm, g, = 1/p,Vl, and £ = 0.9. The path
loss is modelled as PL = PLy — 10calog, (%), where d is
the link distance, and « represents the path loss exponent.
Here, we set PLp = —30 dB and dy = 1m. Similar to
[35], the path loss exponent of the transmitter to IoTDs/Eves
channels is fixed as ap = 4, and the path loss exponents of
the reflective RIS-related channels is set as ag = 2.2 [38].
Here, we adopt the Rician fading model, and F is modeled

_ K LoS
as F = —KHF +

Rician factor, F1°5 equals the line-of-sight (LoS) component,
and FNLoS stands for the non-LoS (NLoS) component which
follows a Rayleigh distribution. Here, similar to [35], we set
B = 5 for all the channels. In addition, F°5 is given by
FLoS = arafl , where the array response vectors a, and a; are
determined by the element array structures at the transmitter
and receiver, respectively. Since the RIS is commonly shaped
as a uniform planar array, the transmit array response is
computed as

i [1,.

o pi2me((H—1) sin(8; ) sin(4; ) +(V—1) cos(vy ) ) T

%HFNLOS, where k indicates the

a; = . ej27rl<e(m sin(ég) sin(w;)+n cos(wfl))’

where e is the normalized interval between adjacent elements,
4, and 6}1 denote the azimuth angle and elevation angle of
arrivals, and 0 < m < H and 0 < n < V denote the horizontal
and vertical RIS element indices, respectively. Thus, the total
number of elements is M = HV'. The receive array response
can be defined similarly. Here, we assume that the horizontal
orientations of the two RISs are parallel to the x and y axes,
respectively, while the vertical orientations of the two RISs
are parallel to the z axis. In addition, the scaling factor for the
PDD algorithm is set as 7 = 0.85 [22].
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A. Convergence Property

We assess the convergence of the proposed algorithms,
where the entire AO algorithm is named as the outer algorithm,
while the PDD or the element-wise Lagrange dual algorithm
is called as the inner algorithm.

1) Convergence of the Inner Algorithm: First, for the dis-
crete coefficient case, Fig. 3 shows the weighted sum secrecy
rate R versus the number of iterations during the PDD process
with various transmitter or RIS element numbers. From Fig. 3,
we can observe that R increases with the number of iterations,
and converges within 100 iterations for the different M and
N combinations considered. In addition, we can see that there
is fluctuation in the obtained curves. This phenomenon is
caused by the updating of the dual variable and penalty factor.
Specifically, when the initial penalty factor p is relatively
large, the obtained solution does not satisfy the constraint
w = r in problem (24), thus resulting in the oscillatory
behavior. While as p decreases with increasing iterations,
the constraint violation is forced to approach the predefined
accuracy ¢. Thus, the secrecy rate performance fluctuation with
the iteration number becomes smaller. Similar results can also
be observed in related works such as [20]-[22].

0.6

05

=
< 04
k=
2
o
03
02
A M=20, N=60
s = = M=25, N=40
o === M=15, N=60
01 .t | | | | | | N M=10, N=80
© 10 20 30 40 5 60 70 8 9 100
Iteration times
Fig. 3. Convergence of the PDD algorithm.
07
06
05
=
I
®
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2
o
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02 / j
/ M=20, N=60
g - == M=25, N=40
=== M=15, N=60
01 . . . ! R e M=10, N=80
2 4 6 8 10 12 14
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Fig. 4. Convergence of the dual algorithm.
Then, we examine the convergence of the element-wise
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Lagrange dual method in the continuous coefficient case. From
Fig. 4, we can see that for different numbers of transmitter or
reflective RIS elements, the proposed element-wise Lagrange
dual method converges within 15 iterations. In addition, by
comparing the curves in Figs. 3 and 4, we confirm that the
discrete coefficient case suffers from a certain performance
loss due to the effect of quantization errors caused by the
limited number of quantization bits.

s

R_(bit/s'Hz)

M=20, N=60, Continuous
w= == M=20, N=60, Discrete
01p === M =15, N=60, Continuous
------- M=15, N=60, Discrete

.
2 4 6 8 10 12 14 16 18 20
Iterations times

Fig. 5. Convergence of the AO algorithm.

2) Convergence of the AO Method: Now, we examine the
convergence of the AO algorithm for both the discrete and
continuous coefficients cases. Fig. 5 shows R, versus the
number of iterations for different M and N, where we can
see that a larger M or NN results in a higher secrecy rate,
at the cost of more iterations. However, for the different M
and N combinations considered, the AO algorithm always
converges within 20 iterations, which confirms the efficiency
of the proposed algorithm.

B. Performance Evaluation

We study the performance of the proposed design and
compare it with the following benchmarks: 1) traditional
transmitter, which performs BF and emits AN via multiple
RF chains and antennas [35]; 2) equal power allocation
method, where the transmitter allocates the same power to
each confidential signal and the AN; 3) fixing the amplitude of
the refracting RIS to be 1, e.g., setting a,,, = 1,Vm € M; 4)
random reflective RIS, which chooses 8 randomly; 5) without
reflective RIS; 6) the alternating direction method of multiplier
(ADMM) algorithm. These methods are labelled as “Con-
tinuous”, “Discrete”, “Traditional transmitter”, “Equal power
allocation”, “Fixed Amplitude”, “Random RIS method”, “No-
RIS method”, and “ADMM algorithm”, respectively.>

Fig. 6 depicts the weighted sum secrecy rate versus P,
where we can see that R, increases with P,. The traditional
transmitter achieves the best secrecy performance mainly due
to the use of multiple RF chains and antennas to generate
different BF vectors to align the information to different
users [35]. The RIS-based transmitter structure exhibits lower

2Here, the discrete coefficient means that {am, Bm, ¢n} are all discrete,
while the continuous coefficient means that {am,, Bm , ¢n } are all continuous.
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No-RIS case

Equal power allocation

[,

0.8

R_(bit/sHz)

s
o
o

0.4

-20 -15 -10 -5 0 5 10
Transmit power Py (dBm)

Fig. 6. Rs versus Ps.

performance compared with the traditional transmitter, but the
performance gap is not so evident. Also, the random RIS
scheme outperforms the no-RIS-assisted scheme. In fact, in
the low Ps region, no matter which kind of power allocation
strategy is used, the receive noise is the dominant factor for
the performance, while in the high P, region, the interference
between users becomes the main performance limiting factor.
Thus, equal power allocation scheme is highly suboptimal in
allocating the signal power among different users, thus leading
to a performance loss, especially as P, increases. Besides,
we can observe that the proposed PDD method outperforms
the ADMM algorithm due to the expanded search space.
Moreover, the fixed modulus design suffers from a certain
performance loss when compared with the proposed design,
because the fixed amplitude design can not adapt to the rapidly
changing channels. When the channel quality of Eves are
better than that of [0TDs, it is better to use partial transmit
power to transmit the confidential signal.

1
().9‘
0.8
~
I
K
= 07
=
o«
0.6
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Transmitter-Amp-Qua
) —2¥— Transmitter-Pha-Qua
04 =6 Transmitter-Amp-Pha-Qua
RIS-Pha-Qua
Transmitter-RIS-Pha-Qua.
o 3“ | —f¢— Discrete

1 15 2 25 3 35 4 45 5
Number of bit Qu /leQg

Fig. 7. Rs versus Qa/Qp/Qo-

To closely examine the effect of quantization, Fig. 7 shows
R, versus Qn/Qp/Qo with different quantization schemes,
where the meaning of “Continuous” and “Discrete” are the
same as in Fig. 6, e.g., no quantization or full quantiza-
tion of w and 6. While “RIS-Pha-Qua”, “Transmitter-Pha-
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Qua”, “Transmitter-RIS-Pha-Qua”, “Transmitter-Amp-Qua”,
and “Transmitter-Amp-Pha-Qua” denote the quantization of
0, the quantization of the phase of w, the quantization of
0 and the phase of w, the quantization of the amplitude of
w, and the quantization of both the amplitude and phase of
w, respectively. From Fig. 7, we can see that for different
quantization methods, R, increases with the number of bits
and converges to its value in the continuous coefficient case.
It can also be observed from Fig. 7 that the effect of coefficient
phase quantization is more dominating than the coefficient
amplitude quantization. This is mainly due to the fact that the
corresponding amplitude of w,, in the continuous coefficient
case is very close to 1 in most simulation realizations, thus
when quantizing it, the performance loss is marginal.

Then, Fig. 8 depicts the obtained weighted sum secrecy rate
and sum secrecy rate of the proposed design versus the number
of the IoTD/Eves L. From this figure, we can see that the
proposed scheme can achieve satisfactory secrecy performance
with different L, where the sum secrecy rate increases with L
and the weighted sum secrecy rate decreases with L. This is
mainly due to the fact that when the number of IoTD increases,
the inter-user interference becomes more serious, thus the sum
secrecy rate grows more slowly. On the other hand, since we
set the weight for each IoTD as 1/L, e.g., the weight decreases
with L, the weighted sum secrecy rate decreases with L.

R_(bit/s'Hz2)

S

Sum secrecy rate (bit/'s’Hz)

—©— Weighted sum secrecy rate, Continuous
Weighted sum secrecy rate, Discrete

—&— Sum secrecy rate, Continuous

. —&— Sum secrecy rate, Discrete

2 3 4 5 6
Number of loTDs/Eves L

Fig. 8. Sum secrecy rate or R versus L.

Next, we compare the SEE of several schemes versus P;
in Fig. 9. To be specific, the curve labelled ‘“Rate-oriented”
denotes the design which aims to maximize R, without
considering the power consumption, while the other curves are
all SEE-oriented. From this figure, we can observe that the
RIS-based transmitter outperforms the traditional transmitter
due to the reduced number of RF chains and antennas. Besides,
for all SEE-oriented schemes, the SEE tends to increase with
Ps, then remains saturated. This behavior is due to the fact
that there exists a unique optimal Ps for SEE design and
the SEE will saturate when P, exceeds the optimal value.
However, the SEE for the rate-oriented design decreases in the
relatively high P; region, since all achievable P; is exploited
to maximize R, thus a large P leads to a drop in SEE.
In addition, by comparing the curves of “Continuous” and
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“Discrete”, we find that having more quantization bits leads
to the degradation of SEE, since the improvement of Ry is
very limited when compared with the extra power consumption
introduced by more quantization bits.3

—%—Q,/Q,/Q,=3

7 Rate-oriented
Random RIS

3 Traditional transmitter

6 —©—-Q,/Q,/Q,=5

» ol
T T

SEE (bit/Hz/Joule)
w

| . . . . . .
-20 -15 -10 -5 0 5 10 15 20
Transmit power Py (dBm)

Fig. 9. SEE versus Ps.

Lastly, we compare the SEE versus the number M and
N in Figs. 10 and 11, where we find that SEE does not
increase monotonically with M or IV, and there exists a SEE-
optimal value for M or N. Thus, it is important to strike a
balance between the SE obtained by utilizing larger RIS and
the corresponding cost of the power consumption. In addition,
similar to the previous results, the PDD method achieves better
SEE performance than the ADMM algorithm and the fixed
amplitude design, since when given the same parameters, the
PDD method can achieve better secrecy rate performance than
the two benchmarks.

45

w
3
T

—3j¢— Discrete
ADMM agorithm
Fixed Amplitude
Rate-oriented
Random RIS
Continuous
~—— Traditional transmitter

SEE (bit/Hz/Joule)
w

NS

15 I I I I I I I I I
10 12 14 16 18 20 22 24 26 28 30

Number of refracting RIS elements M
Fig. 10. SEE versus M.

VII. CONCLUSION

In this paper, we investigated the application of an active re-
fracting RIS-enabled transmitter for a secure IoT network. To

3The curve labelled “Continuous” is actually achieved by adapting the 5-bit
quantization for w and 6, which approaches the weighted sum secrecy rate
performance with the continuous coefficients case, as shown in Fig. 7, while
all the other curves are obtained by using 3-bit quantization for w and 6.
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enhance secure communication of the considered network, we
developed an AO algorithm to optimize the sum secrecy rate
by jointly designing the power allocation, transmit BF, and the
phase shifts of the RIS, where the original nonconvex problem
was converted into three subproblems and efficiently solved
by the proposed AO scheme iteratively. Then, we extended
the proposed scheme to the SEE maximization problem by
using the Dinkelbach’s method. Simulation results verified the
advantages of the proposed design for achieving higher energy
efficiency with fast convergence compared to other benchmark
schemes. Besides, the above figures can help the designer in
selecting the optimal number of RIS elements in terms of SEE
for practical application.
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