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Abstract: In future Internet of Things (IoT) based
scenarios, the network may encounter significant is-
sues related to energy and communication as a result
of progressively growing terminals. We introduce si-
multaneous wireless power transfer (SWIPT) technol-
ogy assisted by the reconfigurable intelligent surface
(RIS) to counteract this challenge. Consequently, the
network’s flexibility and reliability will be further en-
hanced. According to this system architecture, the
scattering-parameter-based communication model is
introduced to disclose hardware features for an energy
efficiency (EE) maximization problem. Specifically,
the potential unauthorized demodulation is also con-
sidered in the problem formulation. To resolve the
issue, an alternative strategy is utilized to optimize
the coupled variables iteratively. Especially, the BCD
approach based on the Sherman-Morrison formula is
proposed to solve the subproblem for RIS. The numer-
ical results demonstrate the physical characteristics of
the hardware cannot be dismissed lightly. Besides, the
configuration of the RIS may impact the network per-
formance directly.
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I. INTRODUCTION

The Internet of Things (IoT) is the backbone tech-
nology for conducting the digital revolution. With
the support of it, a denser interconnection has been
built between people and things. Particularly, seam-
lessly connected networks enable further upgrading of
production automation [1]. Moreover, blueprints for
human-centered smart cities will become more feasi-
ble. As a result, the high efficiency of production and
the convenience of life make it possible for the econ-
omy and society to leap forward [2]. Nevertheless, the
increasing number of terminal accesses causes diffi-
culty in maintaining the reliability of communication.
Especially, there is a high probability of communica-
tion outage at the terminals due to their limited power
supply. Thus, the introduction of a technology that
guarantees reliable information transfer while offering
a flexible energy supply is essential [3].

Fortunately, the simultaneous wireless information
and power transfer (SWIPT) system can satisfy the re-
quirements of communication and power supply at the
same time. Particularly, terminal devices may continu-
ally harvest energy for their own consumption as long
as there are enough electromagnetic waves available.
Indeed, this condition can be realized easily in IoT sce-
narios owing to the constantly generated wireless sig-
nals [4]. From the perspective of system architecture,
the receiving subsystem of SWIPT can be categorized
into dual-demand and single-demand types [3]. The
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dual-demand one refers to that the information demod-
ulation (ID) and energy harvesting (EH) should be met
simultaneously. Single-demand form implies that only
one of their requirements needs to be satisfied. Indeed,
these two structures have distinct application scenar-
ios. However, there still remains an issue of supporting
reliable services, since these structures are both sensi-
tive to the blocks of transmission.

To properly address this issue, the reconfigurable in-
telligent surface (RIS) can be introduced. With this
technology, the stability of SWIPT transmission will
be enhanced [5]. In particular, the RIS is able to recon-
struct the obstructed channels with its controllability.
During the operation, the RIS can configure its con-
troller to adjust the status of the elements in the array
[1]. Consequently, the incident waves can be reflected
in the desired direction. The regulation level of the re-
flected wave is discrete or continuous depending on
whether the circuit uses a positive-intrinsic-negative
(PIN) diode or varactor [6]. In addition, the whole
process requires very low energy consumption, which
means RIS can be seen as an energy-efficient tech-
nology [1]. Indeed, this is the main reason why RIS
is considered as a key enabling technology for sixth-
generation (6G) wireless communication technology.

Recently, a series of studies about the RIS-assisted
SWIPT network have been conducted. In particular,
these studies have different focal points in terms of the
scenario configuration, architecture design, and prob-
lem formulation. As for the architecture of SWIPT,
the dual-demand receiver (DDR) [3, 7-10] and single-
demand receiver (Rx) [4, 5, 11-14] were adopted
to serve the various needs of terminals. Specifi-
cally, the time-switching (TS) [7] and power-splitting
(PS) [3, 8-10] strategies were introduced to separate
the ID and EH streams for dual-demand terminals.
Regarding the scenario configurations, the multiple-
input multiple-output (MIMO) [4] and multiple-input
multiple-output (MISO) [3, 5, 11-14] systems were
analyzed. Relying on these basic settings, the un-
manned aerial vehicle (UAV) [8], the rate-splitting
multiple access (RSMA) [9], and the orbital angular
momentum (OAM) [10] were introduced to consist of
more complete application scenarios. Although the
main quality of service (QoS) constraints are similar,
the objectives were set differently for distinct perfor-
mance priorities in problem formulations. Particularly,
the sum-rate maximization [4], the harvested energy

maximization[11], and the transmitting power mini-
mization [5] were configured as objectives, respec-
tively. Compared to the single objective, the study
related to the multi-objective problem has also been
researched. In addition, several novel RIS configura-
tions such as active RIS [13] and simultaneously trans-
mitting and reflecting RIS (STAR-RIS) [14] were also
introduced into the SWIPT system.

Although there are numerous pieces of research
about the RIS-aided SWIPT system, few of them take
the physical features into account. Indeed, as an elec-
tromagnetic (EM) device, analyzing EM characteris-
tics of RIS will make the related research closer to the
actual situation [15]. From this point, several studies
already have been tried to construct the practical RIS
model. The circuit-based analysis was utilized to de-
scribe the physical features of RIS [16]. In detail, the
inductance, capacitance, and resistance of RIS com-
ponents were revealed apparently. Based on this, the
actual expressions for the amplitude and phase shift
were also presented. With the introduction of radar
theory, the RIS can be seen as an anomalous reflec-
tion device and the phase shift was connected to the
calculation of EM fields [17]. As a consequence, the
EM information of the incident and reflection waves
were shown in the modeling. Besides, [18] studied
the reflection coefficients of RIS from the EM view.
It demonstrated that the amplitude and phase shift of
the RIS units have a direct relationship. In contrast to
the above ideas, some works were conducted to build
the system-level model for the RIS-assisted network.
In particular, the impedance-based end-to-end com-
munication model was introduced to prove the impor-
tance of mutual-coupling (MC) effects [15]. The re-
sults demonstrated that the unawareness of the hard-
ware impact caused the performance gap in the sys-
tem. Furthermore, the S-parameter-based analysis was
used to expose the crucial characteristics of the main
devices in the system [19]. Specifically, the commu-
nication model was constructed on the concept of the
N-port network.

Motivated by the above studies, we research a
MISO-downlink RIS-assisted SWIPT system in this
paper. Additionally, the potential threat of information
leakage is also considered for communication security.
Furthermore, the whole system is built on a practical
communication model, which is proposed from the S-
parameter analysis. The main contributions are pre-
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sented as following points:

* The S-parameters, which may be more suitable
for analyzing the scattering properties of RIS
[19], are employed to build the communication
model. Based on this, the physical information
of all the ends (i.e., Tx, Rx, and RIS) is included
naturally and the configurations are not limited.
Indeed, as long as the actual S-parameters at each
end are known, the mismatching effect and MC
effect can be introduced into the model. This
is the foundation for conducting the subsequent
practicality-oriented system analysis.

* Relying on the proposed communication model,
the research about RIS-aided SWIPT network is
further carried out. Particularly, there are two
types of Rxs, which refer to the DDR and single-
demand EH Rx (EHR). For separating the EH and
ID parts of DDRs, the PS approach is adopted.
Besides, EHRs may potentially be an eavesdrop-
per to achieve unauthorized information. Con-
cerning the reliability of the network, artificial
noise (AN) is included in the system optimization
to disturb the ID of EHRs.

* The energy efficiency (EE) maximization prob-
lem related to the above setting is then introduced.
Within it, the coupled variables can be solved
through the strategy of alternative optimization
(AO). However, tackling the subproblem of RIS
is very intractable due to the proposed commu-
nication model. To simplify it, the Sherman-
Morrison formula is utilized to deconstruct the
subproblem into a more solvable form. In the spe-
cific tackling process, the semi-definite relaxation
(SDR), successive convex approximation (SCA),
and Dinkelbach’s algorithm are applied.

* The research about the QoS requirements and
hardware configuration of RIS is presented in the
numerical simulation. To show how the proposed
model connects the practical hardware to sys-
tem optimization, we first design an RIS device
through the EM software. Then its S-parameter
is introduced into the network analysis. The ac-
cording outcomes demonstrate significant hard-
ware characteristics of RIS do affect system per-
formance directly.

The organization of the paper is presented as fol-

lows. In detail, the introduced system model is pre-

sented in section II. Furthermore, section III includes
the problem of the RIS-assisted SWIPT secure net-
work. To effectively resolve the proposed issue, the
optimization strategy is provided in section I'V. Then
section V presents hardware-related numerical results.
Finally, the conclusion is summarized in section V1.

The bold type of the lower-case a and upper-case
A represents the vector and matrix. Further, the nota-
tions I and O denote the identity matrix and the zero
matrix. Moreover, A, ||A]|, Tr(A), and Rank(A)
are the Hermitian conjugate transpose, spectral norm,
trace, and rank of the matrix A. A[Ly] represents the
element in the x;, row and the 1, column. Besides,
the semidefinite matrix is written as A > 0. diag(a)
is presented for the diagonal matrix with the elements
in a. In addition, the R™*™ and C™*™ are utilized to
denote the real matrix and the complex matrix.

II. THE PRACTICAL END-TO-END COM-
MUNICATION MODEL

We introduce the S-parameter theory to construct the
end-to-end communication model as in [19]. Particu-
larly, the S-parameter is a kind of scattering indicator,
which is utilized to describe the relationship between
the incident wave and the reflection wave in the radio
frequency (RF) system [20]. Its general form can be
written as

b = Sa, (1)

where S represents the S-parameter of the RF system.
Moreover, b and a are the reflection wave and inci-
dent wave attached to the system. With the idea of the
S-parameter, the transmission features among all ends
can be presented. In the specific analysis process, we
first study the end-level model and then connect them
together to build the system-level RIS-assisted com-
munication model. At each end, the model construc-
tion relies on the circuit characteristics. As for the RIS
and Rx, the circuits are simplified as load-based forms
[19]. It means that there is only a load connected to the
RIS element and Rx antenna. Therefore, the relation-
ships between incident waves and reflection waves are
just related to the reflection coefficients of the loads.
Their expressions can be shown as follows.

b[:@a], (2)
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Hpop(0®) =(Tr +I)(I — SgrTr) 'Srr(I+ Srr)~!

8)

br = I'rag. 3)

Among them, ® and I' are the diagonal reflection-
coefficient matrices of loads in the RIS and Rx. More-
over, the dimensions of these matrices are the element
numbers of the according end. Being different from
them, the Tx circuit has the resource instead of the
load. Accordingly, its end-level model is presented as
the following equation.

ar = b, +I';rbr, 4

where b, denote the source wave and I'; 7 refer to the
diagonal reflection-coefficient matrix of the source.
Based on the above end-level models, we next an-
alyze their transmission relationships to construct the
end-to-end model. For each end, the basic idea is find-
ing the influences from other ends to its waves. With
this idea, we can achieve the following set of formulas.

ar = Srrbr, &)
a; = Sirbr + Siiby, (6)
agp = Srrbr 4+ Sribr + Srrbr, (N

where Sy, Sy7, and Spg are the self S-parameter of
the Tx, RIS, and Rx. It is worth mentioning that their
diagonal elements are reflection coefficients of array
units and the off-diagonal elements denote the mutual
coupling (MC) values, which come from the coupling
excitation between the elements. Besides, S 45, where
A, B € {T,1, R}, represents the transmission factors
from the end B and to the end A. Moreover, we omit
the back transmission factors Stg, Str, and S;g due
to their negligible influence in the downlink far-field
RIS-based network.

With the equations (2)-(7), we can further achieve
the end-to-end transmission matrices Hgop between
the Tx voltages vy and the Rx voltage v as in (8).
Particularly, v = ap + br and vg = ap + bp.
Specifically, the proposed model Hgsp includes the
crucial hardware features, such as mismatching im-
pacts and MC effects, of all the ends. Besides, it is
also convenient to insert more factors brought by the

Eavesdropper

Figure 1. The scenario of the downlink MISO RIS-assisted
SWIPT system.

other RF devices (e.g., power amplifier, low-noise am-
plifier, and matching circuit). As a result, more physi-
cal properties can be incorporated into the analysis by
building the problem formulation with Hgop.

III. THE PROBLEM FORMULATION

The scenario of the RIS-assisted SWIPT network is
presented in Figure 1. In particular, the Tx is config-
ured by an array with Np antennas and all the Rxs
are single-antenna systems. Moreover, there are two
kinds of users (i.e., DDR and EHR). The DDR uti-
lizes the PS strategy to split the ID and EH streams.
As the Rxs are sensitive to the quality of the transmis-
sion, the RIS with N; elements is introduced to im-
prove their service stability. According to the above
MISO setting, we then generate the communication
model h € C'*N7 | which is simplified from the (9),
as following

h(®) =spr +sprr(® " —S) 'S, (9)

where the characteristics of other ends are not con-
sidered as important as the hardware features of RIS,
which is our primary focus in this study. Therefore, the
matching conditions of the Tx array, Rx antenna, and
Rx load are set perfectly. Moreover, the MC effects
of the Tx array can be ignored due to the sufficient

4
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Np
PO (Wi, pny ©,2) = (1= py) (hn(@) (Z w,w, 7+ zzH> hn(G))H> ,
n=1

(14)

UB,n(l + Xn) UBn

DDR
P&y (Wa, pn, ©,2) =

B ’ (15)

Xn (1 + exXp (_Kn (P]EZ%?:}) (Wn7 Pns 67 Z) - wn))) Xn

deployment space for decreasing the MC effect. Con-
sequently, I'r, Srgr, and Sy in (8) turn to identity
matrices, which brings (9). With (9), we can present
the received signals of the n'"* DDR as following

W0 = ha(©)x + 14, (10)
where n, represents the additive white Gaussian noise
(AWGN) at the Rx antenna of the DDR. In particular,
it follows the distribution as n, , ~ CA'(0,02), where

o2 denote the variance. Moreover, transmitting signal
x € CN7>1 s denoted as

Np
x =3 Wos, 47, (an
n=1

in which, w,, is the active beamforming vector and s,,
is the signal, which is demanded by Np DDRs, satis-
fies the distribution as s,, ~ CN(0,1). Furthermore,
although the EHR in Figure 1 only has the require-
ment for power supply, it has the possibility to decode
the information assigned to the DDR unauthorizedly.
As aresult, we introduce the artificial noise vector z to
interrupt this potential eavesdropping.

Relying on the signal model in (10), the ID part
through the PS scheme can be written as

DDR
y%D,n = vV PnYn + Npn,

(12)
where p,, is the PS ratio and n,, represents the signal-
processing noise, which follows the distribution as
npn ~ CN(0,02). Then the signal-to-interference
plus noise ratio (SINR) of the n!” DDR can be pre-
sented as the following expression.

V%DDR) (mem ®>Z)
B h,,(©)w,|?
b, (©)z]2 + 302, [y (@) wi|* + 02 + %
(13)

Accordingly, the EH power for the DDR with (1 — p,,)
ratio is shown as in (14), where the noise power is ig-
nored owing to its negligible value. Indeed, the equa-
tion (14) still represents the RF power, which needs
to be rectified to the direct-current (DC) power. To
achieve this goal, the rectifying circuit, which consists
of the diode, should be adopted. During the rectify-
ing, the input-to-output power relationship is nonlin-
ear. Particularly, the output DC power can be given as
in (15), where v ,, denotes the saturated power related
to the diode. Moreover, x,, = exp(kyw,), where k,
and w,, are the circuit parameters of the n'" DDR.

Similar to the above formulas, the EH power of the
I" EHR is given as

Py (W, ©,2)

Np
= (hl((-)) (Z w,w, 1+ ZZH> hl(('-))H> .
n=1
(16)
The P (W, ©,2) follows the similar form as
(15), thus V\;e omit its specific expression. In addition,
the EHR may attempt to demodulate the unauthorized
information from the DDRs. The SINR of the ["* EHR
for receiving the information of the n!” DDR is

N (W, ©,2)
_ (@) w, 2
[y (©)2)? + 332, hu(©)wil* + of + 67
(17)
As for the dissipated power Piq, of the whole sys-
tem, its specific form is presented as

Potal (WTH Pn;s ®’ Z)

Np
=Pr+Pg+e (Z RPPY (w,, 0,,0,2) |,
n=1

(18)
where Pr denotes the transmitting power, it can be cal-
culated as Pr = 2™ [|w, || + ||z]|3. Moreover, the
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power consumption of devices is written as Pg = P.+
NiPr, where P, and Pj represent the static dissipation
of the hardware component and element-operation
consumption of the RIS, respectively. Specifically,
we also consider the power usage of the signal Pro-

cessing as € (Zﬁ’fl RPPR) (w, o, @,z)), where ¢
is utilized to express the power input per unit rate
and data rate is shown as RPPR) (w, p, © z) =
log, (1 + 4PPR) (w,. pp, O, z))

In this paper, we focus on the EE performance of
the network, which means that both the data rate and
power dissipation should be balanced. Specifically,

the expression of the EE can be shown as

Np (DDR)
R ny n7®7
EE (Wn,Pm@,Z) — Zn:l n (W P Z)
-Ptotal (mem @,Z)

(19)
Based on the above equations, we then propose the
EE maximization problem subject to the QoS require-
ments and physical restriction as follows

Py: max EE(w,,p,, O,z (20a)
0}, max (W, p )
s.t. Pr < Pyax, (20b)

APDR) (w5 ©,2) > 280 1 Wn,  (20¢)
DDR DDR
PE(]H,n) (Wm Pn, Ga Z) > fn(P]gC,n))avna

(20d)
Py (wa, ©,2) > F(PSEY), VL, (20e)
Y B (w,,, ©,2) < o%” 1 vim, (20
0<p,<1,Vn, (20g)
1©,.4] <1, (20h)

In problem P, (20a) is the fractional objective for EE
maximization. Furthermore, the power budget is pre-
sented as (20b), where Py.x 1S the maximum trans-
mitting power. In addition, (20c) and (20d) denote the
ID and EH requirements of the DDR, respectively. As
for them, R and P](D%'? ) are the performance thresh-
olds. The ]-'n(P](D%]? 5)) denote the inverse form of ex-
pression (15), which is presented as

) 2D

-1,

Fa(Pocn)

1
=w,— —In
Kn

( UB.n (1 + Xn)

DDR
PI()Cm)Xn + UB,n

Algorithm 1. The proposed alternative optimization strategy

Input: 50, ©);

I: Seti = 1, Dao, EE©® = 0;

2: while Dpg > ea0 do

3:  Resolving the subproblem relying on the
variables {wﬁf ) oW, z(i)} with the optimal
@*(i—l);

4:  Resolving the subproblem relying on @ with
the optimal variables {wz(i), o 7+() };

5. Set Dao = EE®) —EE(-D.

6: Update: =1+ 1;

7: end while

Output: {W;«;(z')’ i) (i), @*m}

Similarly, the power demand for EHR is written as
(20e). For ensuring network security, the constraint
(20f) is introduced to restrict unauthorized demodula-
tion of EHR. In particular, its SINR must be controlled
less than (ZREE) — 1). Moreover, (20g) is the config-
uration range of the PS ratio. Besides, (20h) is the
physical restriction of the load reflection coefficients.
Py is a non-convex problem with coupled variables.
Additionally, the introduced practical communication
model (9) causes it more intractable. In the next sec-
tion, the effective solution strategy will be presented.

IV. THE OPTIMIZATION STRATEGY

To tackle the proposed problem, we first need to de-
couple the variables. Particularly, the active beam-
forming vector w,,, PS ratio p,, and artificial noise
vector z consist of a subproblem. Moreover, another
subproblem is based on the reflection coefficients of
the ®. These two subproblems will be solved iter-
atively until the final convergence condition is met.
This scheme can be found in the Algorithm 1.

4.1 Solution for {w®, p(, 7"}

The first subproblem is still non-convex, which should
be further transformed. Particularly, the SDR ap-
proach is applied to the variables wgf) and z® as
W = wilw?" and 0 = 2020" with W =
0, rank(Wg)) =1,Z% = 0, and rank(Z(i)) = 1.
Besides, we can define Hn(i) = hn(i)th(i) with the
fixed ®*(—1_ As examples, the EH power and SINR
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P max E (Wg), Z(i), pﬁ?) (24a)
(W20}
Np
s.t. Tr (Z w4 z“)) < Patax, (24b)
n=1
T ()WL) o [ S2 w4 20 o
i i i 2 n
Ty 2T HD {2 W20 | | 4ol 4 g, 240)
k#n Pn
(DDR))
Tr ( H (ZW%rzz)) > Fal DC” ,Vn, (24d)
(1—
n=1
n (H“ (Z wy < 20) ) 2 s 240
n=1
23<E> 1 S r [ B ZW“) +ZO | | + 02+ 62V, (24)
0<p <1,Vn, (24g)
W@ = 0, rank( WD) = 1,ZD > 0, rank(Z9) = 1 (24h)
of the DDR can be rewritten as exp(ul?) > 9o _ 1,Vn, (25¢)
o Np . 52
PEPR <W7(f), Z(z)m?(;)) T | HO ZWS) +Z0 ) | +02+ "
| 27 22) ken P
= (1— p)Tr (H;Z) (Z w4 z“))) : < exp(v?), V¥n, (25d)
n=1

(DDR) (W@, 7, pgp)
Tr <H£Z)W£Z)>

Tr (H(Z (ZND w4 Z<i>)) +o%+ |

Similarly, the subproblem with SDR can be presented
as P.1, where the left-hand side of (24b) is the Pr.
Although all the constraints are convex except
(24h), the objective (24a) remains the fractional form.
To further resolve it, we introduce extra constraints as

P,: max Z” 19 (Z)
[t ot }PT+PB+6(Zn 2 0)
(25a)
s.t. Tr(HOW) > exp(ul? +0),vn,  (25b)

(24b)-(24h).

where Q = {g(l ul) Y } So far, the objective
(25a) of Py, has satisfied the form of Dinkelbach’s
algorithm.

Lemma 1. Under the condition that £* is unique zero,
(25a) can be further transformed into a subtractive ex-
pression as

(Wi, 20,)

Ny Np (26)
-3t -e (mremee(Y)).
n=1

n=1

Proof. The detailed proof process has been written in
[21], hence we do not describe it further.

China Communications



h,(f)(ég('i)) = SrTm + SR (=S + Q?) + é](,i)gjng)—lslT,n, 30)

(=S + Q?) + é§i)gjgf)_l = (*SH + Qﬁ“)

a0 (-su+Q)) el (-su+Q))

, (BD

@\
é;i) + g]T <_SH + Qj ) g

When adopting the Dinkelbach’s algorithm, &* in
(26) should be generated from the iterative solution for
P,. With (26), the fractional objective turns out to be
the solvable form. However, the introduced (25¢) and
(25d) still contain exponential terms, which makes the
P, tough to resolve. Therefore, the SCA scheme is
adopted to linearize them. Particularly, we can achieve

the lower bound for the exp(uq(f )) and exp(vg )) as

exp(ul))) = exp(i)) + exp(i)) (@) — ull),
27

exp(v (Z)) > exp(0 (Z)) + exp(v (Z))(z'}ff) — vs)), (28)

where u( ) and 1’)3) are the feasible values, which will
be updated after each iteration of SCA. After replacing
the (25¢c) and (25d), the problem P, becomes

Pi3: max Q(Wv(ﬂ yA%8 99)

w0,
z() o (z)

exp(af))) + exp(af))) (i) —ufl))

> 90u?) _ 1 vp, (292)
ND . ) 2
S w4z
()
k#n Pn
< exp(i)) + exp(8)) () — o)), Vn,
(29b)

(24b)-(24h), (25b).

where we omit iterative notations of Dinkelbach’s al-
gorithm and SCA scheme for expression simplicity.
When the rank-one constraint in P is ignored, the
problem turn to a convex problem. Moreover, the re-
covery approach satisfying the rank constraint and the
whole solution strategy are presented in Algorithm 2.

Algorithm 2. The Dinkelbach’s algorithm based on the SCA
approach.

Input: epk, €sca;

1: Set Dpg, &£%;

2: while Dpx > epk do

3: Set u,(f), U7(—LZ), DSCA;

4. while Dgscp > e5ca do

5: Resolve the problem P 3 to achieve the opti-

mal variables;

6: Update feasible values of SCA;
7: Set Dgca with the difference between this
and the previous iteration of EE
end while
Update £* = EE (W;;“), yAS p;;“)),

10:  Set Dpx with the difference between this and
the previous iteration of (26).
11: end while
12: Achieve the vectors W:;(i) and z*( with the Gaus-
sian randomization or eigen decomposition [21]

Output: {W;u)’ ol *m}

4.2 Solution for ©®

The situation for the subproblem of ®) is more in-
tractable, on account of the inner and the outer inverse
of the utilized model (9). We propose a novel element-
wise block coordinate descent (BCD) method to tackle
it. In particular, the Sherman-Morrison transformation
[22] is introduced to decompose the model (9).

First, (9) can be written as its equivalent form (30)
)

In the equation, é(l can be achieve as é( )=

I
Moreover, Q(Z) is the matrix @@~ with the @El) ] =
0. Besides, the g; is the Ny x 1 vector with all zero
elements except that the j™ element is one. With (30),
the Sherman-Morrison formula can be apphed to re-

place the inverse term as in (31). When Q is treated
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P, : max EE (C(”> (36a)
{e”}
Ir (Eﬁj}jég")wﬂ“) ) ) [ R i) el 2, O
o >Tr |E)CY (Y Wi+ 2z + o+ . Vn, (36b)
- k#n Pn
(DDR)
(1 — pn’ )’
(E(”C(” ( > w0 4z )) > Fi(PSE), v, (36d)
T (BCIW ) @i [ 2 , get 2 5
e <Tr |ECY | > WP +20 | | 407 + 67, VI,n, (36€)
2% —1 k£l
() n(0) O () (D), ()H &(0) A (i)
1=t7Clpy =t Cina 474 Cing =Gy (365)
C% =1 CY = 0,rank(CY) = 1. (362)

Algorithm 3. The BCD scheme for the subproblem of ©©)

Input: EBCD> G‘)(O);

1: Set Dgcp, EE©) = 0;

2: while Dgcp > epep do

33 forj=1:N;do

4: Resolve the problem P,, with the Dinkel-
bach’s algorithm and SCA scheme;
Update @E;.E?.)]_l = é;(i);

end for

Setj =1;

Update the value Dgcp with the optimal EE in

this iteration and EE from the previous iteration;

9: end while

Output: {©*}

as the given matrix, the remaining variable is éj(z) So
far, the double-layer inverse in (9) has been turned into
a more solvable form. Based on the above transforma-
tion, we can optimize the elements of ®®) one by one.
The specific idea of the BCD can be found in Algo-
rithm 3. During solving j*" element, a new variable
can be defined as

@) _ 1

;18 <—SH + Q§"))71 g

Then, the end-to-end model can be reformed as the
following equation.

i) (.(0) (@) 1y (@)
h () = £ 4+ 'ml7 (33)

where the shorthand notations represent

£9 = Sprn + Sr1n(=Si + Q) 'Sz, (34)

mff)g =—Srrn((=Smr + Qy))_lga

T ()\—1 (35)

X 8j (=S + Qj )" )SIT,n-
As for (33), we can reform hg)(Ay)) Agi)eg)‘,
N )

ther, the SDR approach can be adopted again. In
) = el
. . J J
ng) > 0, and rank(Cgl)) = 1is introduced. Similarly,
Es)j = e(i)n,jegv)jH. With the SDR, we can present the
subproblem for O a5 in P>.;. As for the constraint
(36f), ty) = ng(SU + Qy))‘lgj. Moreover, it comes
from the equivalent inequality as

particular, the Cgl with the constraints
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Nu
Py, max (Z)] f Pr+ Pp+e Z O(Z) (37a)
{C; )7X§z)g n=1 7 n=1
st. Tr (B, CPWLO) = exp(c() + ), v, (37b)
(7 7 A i o(i).
exp(C) + exp(C)(E, — ¢y > 204 —1,wn, (37¢)
0 @) | 2 i) : >, O (i) @D\ ()
Tr | E,;C; ZWk + 7+ +o;+ *Z) < exp(v, )+exp( )( U nj) Vn, (37d)
k#n
(36b)-(36g).
Patch_l
g.
<
S Patch_ 36 Gap_w 7.3
Patch_w 29.2 Line_l 29.8
Gap_l 16 Line_w 3.15
Op2,2] Tersm TG[M] !0[5.51 I0[6.61 !9[7.7] O(5,9]

Figure 2. The RIS design and relevant parameters.

which generated from (20h) for representing the phys-
ical restriction of the reflection coefficient. Further,
the solution approach for P, ;, which is similar to
the last subsection, can be introduced to construct a
solvable problem. Particularly, the strategy also relies
on Dinkelbach’s algorithm and SCA approach, thus
we no longer present the details and only show the
transformed problem as in the problem P, ,, where
XS)J = {ogf)], hys 7(2} When the rank-constraint
of (36g) is omitted, the problem is a convex problem.
Moreover, the similar recovery way from C;(Z to é; (Z),
which satisfies the rank-one constraint, can be found in
Algorithm 2.

The description of the whole solution scheme has
been finished. It is worth mentioning that the subprob-
lem P, ; can be simplified when the self S-parameter
S;r = 0. However, it may be ideal and bring a non-
negligible optimization deviation. This fact will be
shown in the next section.

V. SIMULATION RESULTS

5.1 RIS Design and S-parameter Extraction

The hardware characteristics of RIS are included in
the S-parameter. For revealing its influence on the

10
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Figure 3. The S-parameters of the proposed RIS.

network, we first need to extract the parameter. Par-
ticularly, a linear-array RIS in Figure 2 is designed
through the software of EM analysis (Ansys Electron-
ics 2022). In detail, it consists of 8 elements with the
patch form, which is mostly adopted in the RIS de-
sign. Moreover, the patch mainly includes the rect-
angular radiation part and the transmission line. The
end of the line can be connected by the component
such as a varactor to achieve controllability. Indeed,
the variable ® just relies on this. Moreover, all the
parameters are described in Figure 2. Further, we
present the impacts of the element spacing d, on the
S-parameters as in Figure 3. Particularly, we select
S(1,1) and S(2,1) values to show the mismatching and
MC effect of RIS, respectively. It can be seen that
they all decrease when the d, increases. It means that
the larger element spacings indeed bring better match-
ing conditions and lower MC. In the next subsection,
these effects will be analyzed from the perspective of
the network.

5.2 Numerical Results

With the S-parameter extracted from a practical RIS,
we then conduct research about the EE performance
of the RIS-assisted SWIPT network. Specifically, the
results are presented to show the significance of the
hardware characteristics. In particular, we will ana-
lyze the distinct effects of network settings on the net-
work EE. What’s more, the influences from RIS con-
figurations will also be considered. The scenario is
simplified as 2-dimension, where the Tx array is set

at (Om,0m), the RIS is positioned at (1m,1m), and
the receivers (two DDRs and one EHR) are generated
from a zone with (2m,-4m) center and 3m radius. Be-
sides, the whole network operates at 2.45GHz.

In this paper, the transmission parameters in (9) are
the Rician channels as the similar setting in [19]. Par-
ticularly, they have the form as

K 1
S — L 7HLOS 7HNLOS
AB =V AB(\/l—HC AB TN\ Ty B

(38)
where AB € {RT, RI,IT}. The Rician factor is pre-
sented as K = 10dB. Moreover, the pathloss compo-

. . AN2 (d TAB .
nent is written as Lap = (&) (ﬁ) , in which

47 Dg
the reference distance is set as Dy = 1m. Further,
the pathloss factors are arr = 3, aypr = 2.2, and
apr = 2.2 for all the receivers.

Regarding the default simulation settings, the max-
imum transmitting power is Pyiax = 8W, the ID de-
mand of the DDR is RT(«LD) = 3bit/s/Hz, Vn, the max-
imum rate of the potential eavesdropper is Rl(E) =
1bits/s/Hz, VI, and the minimal EH power for all the
DDRs and the EHR is P} = 1.3uW. Moreover,
the P. = 1W, P; = 0.01W, ¢ = 0.01 are the power-
dissipation values of the hardware components and the
ratio of rate-dependent power consumption. The noise
power levels for all the receivers are 02 = —100dBm
and 5% = —80dBm. In addition, the circuit parameters
for all the rectifying circuits are = 5.61, k = 0.242,

and vg = 8.577.

5.2.1 Convergence Behaviors

The proposed algorithm is mainly based on the outer-
layer alternative strategy in Algorithm 1 and the inner-
layer BCD scheme in Algorithm 3. To further show
their effectiveness, we present the convergence behav-
iors in Figure 4a and 4b, respectively. As for Figure 4a,
each point represents the EE value after optimizing all
the RIS elements in one iteration of the BCD scheme.
With a couple of iterations, the EE smoothly converges
to a stable value. Moreover, there are only a few steps
for achieving the final convergence of Algorithm 3 in
Figure 4b. Particularly, the convergence behaviors of
distinct simulation settings are similar. These results
further demonstrate the performance of the proposed
optimization schemes. Indeed, the BCD scheme can
be simplified with S;; = 0, which is the ideal case.
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Figure 4. The convergence behaviors of the proposed algo-
rithms

Nevertheless, the resulting loss of performance may
not be neglectable.

5.2.2 The Effect of Rate Demand R%D) on EE

The influences brought from the distinct rate demand
R%D) are presented in this subsection. In detail, the
hardware effects (HE), including the matching ef-
fect and the MC effect, are analyzed thoroughly. As
shown in Figure 5, the HE awareness (HEA) repre-
sents the results optimized from practical cases con-
sidering these effects, namely, S;; # 0. On the con-
trary, HE unawareness (HEU) means that the opti-
mized variables from ideal cases, S;; = 0, are de-
ployed in practical situations. It is apparent that the
HEA results perform better than HEU results in the

2.85

2.84
2.75¢
271
=
T 2.65f
=
S 26t
m
oss| [Fe—HEA, d,=52mm
--#--HEU, d,=52mm
25+ —e—HEA, d,.=42mm
—-%--HEU, d,=42mm
2451 —&— Unoptimized RIS
24 L L L L L
6.2 6.4 6.6 6.8 7 7.2 7.4

Minimal rate demand R’ (bit/s/Hz)

Figure 5. The effect of rate demand RSLD) on EE.

settings with two distinct RIS element spacings d,..
Moreover, these performance gaps in d, = 42mm
are larger than those in d, = 52mm, since the mis-
matching and strong MC effects are prominent in the
more compact RIS. Figure 3 already has shown these
influences at the end level. Furthermore, the HEA and
HEU results from d, = 52mm are better than those
in d, = 42mm due to the larger physical space. With
the above phenomena, there should be careful trade-
offs between the network performance and the RIS
configurations. Although the EE levels of these cases
are different, they all outperform the unoptimized RIS
situation, which proves the crucial role of RIS in the
SWIPT network. In addition, these results have simi-
lar descending trends with the increased minimal rate
demand of the DDR. The reason is that more energy
should be distributed to the DDR with poor channel
conditions, which causes less enhancement space for
the better-channel DDR. Then the worse sum rate term
of the EE occurs naturally. Besides, the increasing
rate-dependent power dissipation also will pull down
EE levels.

5.2.3 The Effect of Power Requirement P]()%) on EE

The power requirement P](D%), which is strongly related
to the power dissipation of the network, also impacts
the EE performance. The specific simulation results
are shown in Figure 6. The comparative cases are set
as in Figure 5. Moreover, the HEA results still have
better EE performance. As the similar reasons stated
in the last subsection, we omit the detailed explana-
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Figure 6. The effect of power requirement P]()%) on EE.

tion here. In all cases, the decreasing tendencies of EE
come from the continuous input of power resources to
satisfy the increasing power requirements Pl()%). This
conclusion supports the idea that the low-power re-
ceiver design should be critical for high EE targets.

5.2.4 The Effect of EHR Maximum Rate Rl(E) on EE

In this paper, the EHR, which may try to decode the
unauthorized information from the DDR, exists as the
potential eavesdropper. Considering the network secu-
rity, the maximum rate of EHR should be constrained
as low as possible. We study the network EE under
the distinct maximum rates of the EHR as in Figure
7. For clarity of presentation, we only show the cases
of d, = 42mm and the situation of unoptimized RIS.
Particularly, the HEA still maintains its advantage over
the other cases. In addition, we can find that all the
cases have worse EE under the stricter rate constraints.
This phenomenon is caused by the additional energy
cost of the artificial noise z, which is the main factor
in decreasing SINR of RI(E).

5.2.5 The Effect of Transmitting Power Py1.x on EE

The power resource budget is the guarantee of the net-
work performance. However, unlimited usage of en-
ergy dissatisfies the requirements of green communi-
cations. In this part, we analyze its effects on the net-
work EE. From Figure 8, all the performance differ-
ences from various cases are identical to the above re-
sults. For both d, = 42mm and d,, = 52mm, interest-
ingly, the performance gaps between the HEA and the

B HEA, d,=42mm
28+ HEU, d,=42mm | T
[ Unoptimized RIS
271 1
<
N - 4
226
=
)
S25t -
84|
241 ;
231 i

0.45 0.5 0.55 0.6 0.65
Maximum rate of the EHR R[(h) (bit/s/Hz)

Figure 7. The effect of EHR maximum rate RZ(E) on EE.
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Figure 8. The effect of transmitting power Pniax on EE.

HEU shrink with the smaller power budgets. We con-
sider this may come from multiple factors. The main
reason could be that the hardware features perform a
less important role in the channel reconstruction under
the limited-power situation. Furthermore, the results
also demonstrate that the EE will not keep growing
with adding transmitting energy. In fact, power has
two sides for the network EE, thus instead of continu-
ously dissipating power, the algorithm will maintain a
steady status as shown in Figure 8.

5.2.6 The Effect of Power Consumption P; on EE

While the RIS is a nearly-passive device, there still is
energy dissipation for element configurations. In par-
ticular, different power supply levels may be needed
for the various circuits, hardware components, and op-
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Figure 9. The effect of power consumption Pr on EE.

eration states of RIS. Therefore, the energy consump-
tion P; is analyzed in this part. As in Figure 9, the
EE decreases almost linearly with the increased P
due to the extra power requirements. Besides, the per-
formance differences among cases are consistent with
other figures.

All the simulation results prove the significance of
the physical characteristics from the network perspec-
tive. Especially, the effects of the RIS with a more
compact array, which is a typical choice in the practi-
cal deployment, should be considered carefully. Dur-
ing operation, easily ignoring them may cause perfor-
mance loss.

VI. CONCLUSION

This paper investigated the RIS-enhanced SWIPT net-
work. The S-parameter-based analysis approach was
introduced to construct an end-to-end model, which
includes the crucial physical features of all ends. With
the model, an EE maximization problem constrained
to the QoS requirements and physical limitations was
formulated. Specifically, the security concern was pre-
sented by imposing restrictions on the unauthorized
rate of the EHR. As for tackling the issue, an alter-
native strategy was adopted to separate the coupled
variables. What’s more, the load reflection coeffi-
cients of RIS were optimized through a novel BCD
scheme based on the Sherman-Morrison formula. This
approach takes the hardware features of RIS into ac-
count and can be seen as a strategy oriented to practi-
cal cases. Simulation results further proved the effec-

tiveness of the proposed model and algorithms. More-
over, the hardware characteristics should not be ig-
nored especially for the compact RIS-adied network.
To describe the real communication system as closely
as possible, the end-to-end model will be progres-
sively extended in future works with incorporating
more physical hardware components.
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