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Robust Sum-Rate Maximization in Transmissive
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Abstract—In this article, we propose a state-of-the-art down-
link communication transceiver design for transmissive recon-
figurable metasurface (RMS)-enabled simultaneous wireless
information and power transfer (SWIPT) networks. Specifically,
a feed antenna is deployed in the transmissive RMS-based
transceiver, which can be used to implement beamforming.
According to the relationship between wavelength and propa-
gation distance, the spatial propagation models of plane and
spherical waves are built. Then, in the case of imperfect channel
state information (CSI), we formulate a robust system sum-rate
maximization problem that jointly optimizes RMS transmissive
coefficient, transmit power allocation, and power splitting ratio
design while taking account of the nonlinear energy harvesting
model and outage probability criterion. Since the coupling of
optimization variables, the whole optimization problem is non-
convex and cannot be solved directly. Therefore, the alternating
optimization (AO) framework is implemented to decompose the
nonconvex original problem. In detail, the whole problem is
divided into three subproblems to solve. For the nonconvex-
ity of the objective function, successive convex approximation
(SCA) is used to transform it, and the penalty function method
and difference-of-convex (DC) programming are applied to deal
with the nonconvex constraints. Finally, we alternately solve the
three subproblems until the entire optimization problem con-
verges. Numerical results show that our proposed algorithm
has convergence and better performance than other benchmark
algorithms.

Index Terms—Imperfect channel state information (CSI),
nonlinear energy harvesting, outage probability criterion, recon-
figurable metasurface (RMS), simultaneous wireless information
and power transfer (SWIPT).

I. INTRODUCTION

THE RAPID development of wireless communication
enables the Internet of Things (IoT) to be utilized in
more scenarios, e.g., smart industry, smart medical, and the
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Internet of Vehicles [1], [2]. Based on the relevant data, it is
inferred that the number of IoT devices worldwide will rise to
14.7 billion by 2030 in the future IoT networks [3]. However,
IoT devices are usually small in size, which makes the bat-
tery capacity often limited and have difficulty in meeting the
energy requirements of rich applications in IoT. Therefore,
energy management for large-scale IoT devices is a criti-
cal issue. Meanwhile, to solve the path loss problem caused
by high-frequency communication and ensure that the cov-
erage is not reduced, the number of 5G base stations (BSs)
is greatly increased compared with 4G BSs [4]. In addi-
tion, massive multiple-input multiple-output (MIMO) requires
numerous radio frequency (RF) links to provide support, which
will lead to a surge in power consumption and cost. Hence,
it is urgent to seek a novel transceiver architecture with low
power consumption and low cost.

As a promising technique for energy harvested in the
IoT, wireless energy transmission (WET) can convert the
received RF signal into electrical energies, which can be
well applied to solve the energy management of large-
scale IoT devices [5]. Simultaneous wireless information
and power transfer (SWIPT) is a valid mode in WET.
Specifically, in SWIPT, the user divides the received RF
signal into an information decoder (ID) and an energy har-
vester (EH) through power splitting (PS) or time switch-
ing (TS) [6], [71, [8], [9], [10]. With the MIMO tech-
nology, SWIPT can also be implemented through antenna
switching or spatial switching. In antenna switching, each
antenna element is switched dynamically between decod-
ing/rectifying in the antenna domain [11]. In spatial switching,
information or energy is transmitted through eigenchannels
obtained by the eigenvalue decomposition of the MIMO chan-
nel matrix. According to the above-mentioned implementation
technology of SWIPT, there have been many studies on
the integration of SWIPT into existing communication tech-
nology [12], [13], [14]. PS factor and signal autocorrelation
matrix are designed jointly to maximize the power harvested
in the MIMO channel [12]. Buckley and Heath [13] proposed
an energy-receiving architecture under orthogonal frequency
division multiplexing (OFDM) system. Under this architec-
ture, the user performs energy harvesting and storage from the
cyclic prefix of the signal. SWIPT in nonorthogonal multiple
access (NOMA) network was studied in [14], authors consider
energy harvested constraint and the Quality-of-Service (QoS)
requirement of each user and minimize BS transmit power.
For the various implementations of SWIPT mentioned above,
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there are also studies comparing these implementations in spe-
cific scenarios, especially PS and TS [15], [16], [17]. The
authors compare the attainable rate-energy tradeoff in SWIPT-
based communication systems for multiple-input single-output
(MISO) channel [15] and MIMO channel [16]. Zhou et al. [17]
considered the joint optimization of resource allocation and PS
in the OFDM system. Jiang et al. [18] approximately obtained
the optimal solution to the probability of information and
energy coverage for UAVs assisting SWIPT networks and ver-
ified it with the Monte Carlo method. All of the above works
demonstrate that the performance of the PS scheme is bet-
ter than that of the TS scheme. However, PS-based SWIPT
can solve the energy shortage in IoT devices, but the energy
consumption and cost of BSs also need to be considered
urgently.

Considering the requirements to reduce the power con-
sumption and cost of the BS, the recently proposed reconfig-
urable metasurface (RMS) may be a potential solution. RMS
also known as reconfigurable intelligent surface (RIS), is an
advanced technology that makes it possible to reconfigure
wireless channels in wireless communications networks. RMS
contains many passive elements with adjustable phase and
amplitude. Since RMS is a passive communication equipment,
it can only reflect or transmit signal and does not perform sig-
nal processing. RMS has the characteristics of low cost and
easy deployment and is an environment-friendly communica-
tion device [19], [20], [21]. Because of the above advantages of
RMS, it has been widely studied in both academia and indus-
try. Specifically, depending on the medium material, RMS is
mainly divided into three types: 1) reflective RMS [22], [23],
[24], [25]; 2) transmissive RMS [26], [27]; and 3) simulta-
neously transmitting and reflecting (STAR) RMS [28], [29].
For reflective RMS, it is also called intelligent reflecting sur-
face (IRS) and used to improve the energy efficiency and
spectral efficiency of communication networks, and RMS
can make the system obtain obvious performance gains in
the main communication scenarios. Zhang and Zhang and
Yang et al. maximized the communication capacity of the
IRS-assisted system in MIMO systems, respectively [22].
Yang et al. [24] applied IRS to physical-layer security to
maximize the secret rate. For the transmissive RMS, it can
solve the problem of blind coverage in the communication
networks. Zeng et al. [26] evaluated the performance of the
downlink RIS-assisted communication system and summa-
rized the selection of the optimal working mode of RIS for
a specific user location. Zhang et al. [27] proposed an intelli-
gent omni-surface communication system, where transmissive
elements adjust the phase of the received signal to improve
network coverage. While STAR RMS can split the incident
signal into transmitted and reflected signals, helping to achieve
full spatial coverage on both sides of the surface. Wu et al. [29]
studied the problem of resource allocation in STAR RMS-
assisted multicarrier communication networks. In the above
researches, RMS is used as a communication auxiliary
device for channel reconstruction and performance boost in
two modes.

Furthermore, RMS can also be used as a transmitter, which
is a very promising research direction. Tang et al. [30]
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implemented real-time communication of quadrature ampli-
tude modulation (QAM)-MIMO by using reflective RMS
and verified the theoretical model. In terms of transmitter
design, transmissive RMS has better performance than reflec-
tive RMS, which is mainly because of the following two
reasons [31], [32], [33], [34]. One of the reasons is that when
RMS works in the reflective mode, the user and the feed
antenna are located on the same side of the RMS, which
makes the incident and the reflected electromagnetic (EM)
waves to interfere with each other. Another reason is that the
transmissive RMS transceiver can be designed with higher
aperture efficiency and operating bandwidth [31]. For the
above reasons, applying transmissive RMS to multiantenna
transmitter designs is a potential technique in future wireless
communications [35].

In view of the two important issues in IoT networks: 1) the
limited battery capacity of the devices and 2) the excessive
energy consumption of the BSs, we propose a downlink trans-
mission design scheme for SWIPT networks based on the
transmissive RMS transceiver. In order to make the design
more practical, a nonlinear energy harvesting model is applied
to this network model. Compared with the linear energy
harvesting model, the nonlinear model has higher energy con-
version efficiency [36]. Considering the difficulty of channel
estimation in RMS-assisted systems, the channel estimation
error matrix is introduced into our model to simulate the
impact of imperfect channel state information (CSI). In this
article, we aim to maximize the system sum-rate downlink
by jointly optimizing RMS transmissive coefficient, power
allocation, and PS ratio with the outage probability criterion.
Given that the problem formulated is nonconvex, it is neces-
sary to design a reasonable and effective algorithm to solve it.
The main contributions of this article can be summarized as
follows.

1) We propose a novel transmissive RMS transceiver-
enabled SWIPT network architecture, where the RMS
is used as transceiver to implement beamforming.
Specifically, RMS transmissive coefficient, transmit
power allocation, and PS ratio are designed jointly to
maximize the system sum-rate. Taking into account
the imperfect CSI, we use outage probability to mea-
sure QoS and energy harvested requirements, which can
demonstrate the robustness of our design. However, it is
nontrivial to directly obtain the global optimal solution
to this problem since the high coupling of optimization
variables.

2) We propose a joint optimization algorithm based on
an alternating optimization (AO) framework to solve
this formulated robust system sum-rate maximization
problem. Specifically, the original problem is first trans-
formed into a tractable problem. Then, the original
problem is decoupled into three subproblems with
respect to transmit power allocation, PS ratio, and RMS
transmissive coefficient to be solved separately. Finally,
we alternately optimize the three subproblems till the
entire problem converges.

3) Numerical results reveal the superior performance
of the proposed algorithm in downlink multiuser
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SWIPT networks with transmissive RMS as transmit-
ter. Specifically, the algorithm first has good conver-
gence. Second, under the constraints of information and
energy harvested requirements based on outage proba-
bility criterion, the robust joint optimization algorithm
can improve the sum-rate of system compared to other
benchmarks under the conditions of a different num-
ber of RMS elements, number of users, and maximum
transmit power.

The remainder of this article is as follows. In Section II,
we delineate the system model and optimization problem
formulation in transmissive RMS transceiver-enabled SWIPT
networks when considering the nonlinear EH model and the
imperfect CSI. Then, in Section III, the proposed robust joint
optimization algorithm is elaborated. Section IV reveals the
performance superiority of the proposed algorithm compared
to other benchmarks. Finally, Section V concludes this article.

Notations: Matrices are represented by bold uppercase let-
ters. Vectors are denoted by bold lowercase letters. Scalars
are represented by standard lowercase letters. For a complex-
valued scalar x, |x| denotes its absolute value and for a
complex-valued vector X, ||x| represents the Euclidean norm.
For a general matrix A, rank(A), AY, Ay, and [|A]l denote
its rank, conjugate transpose, m, nth entry, and matrix norm,
respectively. For a square matrix X, tr(X) and rank(X), denote
its trace, rank, and X > 0 denotes that X is a positive semidefi-
nite matrix. C¥*V represents the M x N dimensional complex
matrix space and j is the imaginary unit. Finally, CNV (i, C)
denotes the distribution of a circularly symmetric complex
Gaussian (CSCG) random vector with mean p and covariance
matrix C, and ~ stands for “distributed as.”

II. SYSTEM MODEL AND OPTIMIZATION
PROBLEM FORMULATION

A. System Model

As shown in Fig. 1, the system model of transmissive RMS
transceiver-enabled SWIPT networks is first introduced and it
mainly includes a transmissive RMS transceiver and K users
with a single antenna. The transceiver is composed of a trans-
missive RMS with N elements and a feed antenna. It is worth
noting that although we are considering a transmissive RMS
transceiver architecture, a portion of the EM waves emitted
from the feed antenna will always be reflected. However, we
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can quantify this part of the reflected EM wave by a cer-
tain ratio, so it does not affect the algorithm design of this
problem. In this article, for the convenience of analysis, we
assume that the EM wave is completely transmitted, i.e., no
incident EM waves are reflected. The transmissive RMS is
equipped with an intelligent controller which can control the
amplitude and phase shift of all transmissive elements. We
let f = [f1,..., fN]T e CNx1 represent the RMS transmis-
sive coefficient vector at the transmitter, where f, = ,Bne’@"
represents the amplitude and phase shift of the nth element,
respectively, which should satisfy

fnl =1 Vn. (1)

The channel from the RMS transceiver to the kth user can be
named as the RMS-user channel, and the channel gain can
be denoted by th € CN_ For ease of analysis, all channels
are assumed to be quasi-static flat fading, i.e., th is constant
within each transmission time 7. It is worth noting that the
transmissive RMS transmits the signal passively and has no
ability to actively send and receive signals. We assume that the
communication works in time division duplex (TDD) mode,
i.e., the channel estimation is completed in the uplink trans-
mission. Downlink CSI can be obtained according to channel
reciprocity. This article assumes that the transmissive RMS
transceiver cannot obtain the CSI perfectly, and the specific
modeling is explained below.

In this article, we model the array of RMS as a uniform
planar array (UPA), which is a more realistic array response,
i.e., N = N, X N, Ny and N; denote the number of elements
in the horizontal and vertical directions of the transmissive
RMS, respectively. Herein, the RMS-user channel is modeled
as a Rice channel model, which can be given by

i\ "¢ K 1
h = (& [ hpres +1/ ——hgnios | VE 2
k ﬂ(d()) ( K+1k,LS+ K+1k.NLS> 2)

where B denotes the channel gain when the reference dis-
tance dp = 1 m, « is the path loss exponent between the
RMS transceiver and the user, d is the distance between RMS
transceiver and the kth user. ¥ denotes the Rician factor, hy 105
represents the LoS component, which can be determined
by (3) at the bottom of the page, where GﬁOD and qb,éOD are the
vertical angle and horizontal angle of the Angle-of-Departure
(AoD) at the RMS transceiver, respectively. d denotes the spac-
ing between successive antenna elements and A denotes the
carrier wavelength. hy nLos represents the NLoS component
and [heNLos] (- 1)N.4n. ™ CN(0,1) is the (ny — 1)N, + n,
element of the vector hy NLos. Accordingly, the signal received
by the kth user can be denoted by

K
e =Wy " pisi+m Vk )

i=1
where s; denotes the signal from the RMS transceiver to the
ith user, Without loss of generality, we usually assume that

- 2. «in QAoD . HA0D
hy Los = [l’efj%dbme"o oseT L

-2 - HAoD AoD 1T 27 g o pAOD ;s AoD -2 - pAoD ;o AoD]T
’eij”(Nxfl)dsmOko c0s ¢*° ] ® [l’eﬁ%dsmeﬁ sin¢° “”’eij”(szl)dsmO/f sin ¢ *° ] 3)
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it is an independent and identically distributed (i.i.d) CSCG
random variable, i.e., s; ~ CN(0, 1). ny represents additive
white Gaussian noise (AWGN) introduced at the kth user’s
receiving antenna, and it is also usually set assumed to be
i.i.d CSCG variable, i.e., ny ~ CN(0, sz). Pk represents the
power allocated to the kth user and the following constraints
should be satisfied:

pe>=0 Vk (&)

and
K
Zpk < Pmax (6)
k=1

where Ppax 1S the maximum transmit power of transmissive
RMS transceiver.

This article considers transmissive RMS transceiver-enabled
SWIPT networks. Specifically, from the received RF signal,
each user adopts the PS protocol to coordinate energy harvest-
ing and information decoding, i.e., each user’s received signal
is divided into the ID and EH by the power splitter. The kth
user divide the p; portion of the received signal power to ID
and the rest (1 — pi) portion to EH. Therefore, the received
signal for ID in the downlink of the kth user is denoted by

K
Y = Pk = Pk (thfZ Vpisi + nk) +z Yk (7)
i=1
where z; represents AWGN caused by the ID of the kth user
and it is set to be an i.i.d CSCG variable, zz ~ CN (0, 5,%).
Then, the signal-to-interference plus noise ratio (SINR) of the

kth user is denoted by

poi e
ok i PilWH[ + pro? + 87

In addition, for the kth user, the received signal for EH in the
downlink can be given by

SINR; = Vk.  (8)

K
yEH — \/1 — OkVk = \/1 — Pk (hffz \/E-si + nk> Vk. (9)

i=1
Accordingly, the power obtained by the kth user for EH is
given by

K
2 2
Pt =By} = - o0 (Zm!h{’f\ + o,f) k. (10)
i=1
In this article, a more practical nonlinear energy-harvested
model is adopted. Hence, the power harvested by the kth user
can be expressed as follows:

Vk (11)

—_— O _
V() = (Xk(l +exp(—ak (P — b)) Yk)

where 9y represents the maximum energy harvested of the kth
user, ay and by are specific parameters related to the circuit.
Xir = exp(axbr)/(1 + exp(arby)) and Yy = 0i/exp(arby). We
consider that under normalized time, the energy harvested by
the kth user can be given by

Er =Y (pp) Vi (12)
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Let ®; = E{hih{’} = hh! € CV*N represent the chan-
nel covariance matrix of the kth user in the downlink.! Then,
the SINR of the kth user can be expressed by the channel
covariance matrix as follows:

Pkpitr (@ F)
Pk Y i Pitr(BiF) + prol + 87

where F = ffl ¢ CN*N and it should satisfy rank(F) = 1,
F>0and F,, <1 Vn.In addition, the energy harvested of
the kth user is further denoted by

K
E; = \p((l — pk)<2pitr(<I>kF) + o,?)) Yk, (14)

i=1

SINRy =

Vi (13)

To make the model more realistic, we consider that the CSI
of the downlink cannot be obtained accurately, i.e., in the case
of imperfect CSI. Specifically, the channel covariance matrix
is assumed to be expressed as ®; + A®;, where ®; € CN*N
denotes the covariance matrix of the estimated channel in the
downlink and A®; € CV*V is the error matrix correspond-
ing to the estimated error of ®;, which can also be called
the uncertainty matrix, because it represents the difference
between the estimated value and the true value [37]. Note
that ®; and A®; are Hermitian matrices, then the SINR and
the energy harvested for the kth user is denoted by

Prprtr((®r + A®F)

SINRy = . -
Pk Dizk Pt (Rr + ARYF) + prof + 8

Yk (15)
and

K

Ey = \v((l ) (Zpitr«@k + A®YF) +a,3)) Vk. (16)
i=1

Accordingly, the kth wuser’s achievable rate (bps/Hz) is

expressed as follows:

Ri = log,y(1 + SINRy)  Vk. (17)

Since random matrix variable terms are involved in Ry, we
take its expectation, which can be defined as E{R;}. However,
we cannot use general methods to directly obtain a closed-
form expression for the expectation. To solve this problem, we
approximate the expectation of the achievable rate by applying
Proposition 1 as follows.

Proposition 1: For any a and b, if X is a random vari-
able term or contains a random variable term, the following
approximation holds:

aX N E{aX}

Proof: The proof of this formula is similar to the proof
of [38, Th. 1] and here the proof is omitted. [ |
For the convenience of analysis, we assume that A®y is a
Hermitian matrix, and the elements on the diagonal are i.i.d.
cyclic symmetric real Gaussian random variables with zero

I'We consider a quasi-static channel model, i.e., during each transmission
time duration T, hy is a constant. Therefore, we use the instantaneous value
of the channel gain to compute the channel covariance matrix instead of the
expectation operator.
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mean and aé variance. Other elements are i.i.d. CSCG ran-
dom variables with zero mean and aé variance. According
to Proposition 1, we can take that the expectation of the kth
user’s achievable rate as follows:

Pkpitr (@ F)

— ] w
Pk D_izx Pitt(®F) + proj + 53
(19)

E{Ri} ~ log, (1 +

Considering imperfect CSI, the user’s SINR is a ran-
dom variable, which means that we can only express the
information and energy harvested requirement with outage
probability. We define the information outage probability of
the kth user as the probability that its SINR is smaller than
the threshold yy;,, which can be expressed as (20), shown at
the bottom of the page, where Pr{-} is the probability opera-
tor. Similarly, energy harvested outage probability is defined
as the probability that the energy harvested is lower than the
threshold Ey;, which can be expressed as (21), shown at the
bottom of the page.

B. Problem Formulation

Let p = [p1,...,p0k] and p = [p1, ..., pk]. We consider
that the information outage probability of each user is not
greater than g, and the energy outage probability of each
user is not greater than g. By jointly optimizing the PS ratio
p, RMS transmissive coefficient F, and the transmit power
allocation p, the expectation of the system sum-rate is max-
imized. Therefore, the original problem PO can be expressed
as follows:
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rank(F) = 1 (22h)

where constraint (22a) and constraint (22b) are the transmit
power allocation constraints of transmissive RMS transceiver,
constraint (22¢) is the PS ratio constraint of each user.
To guarantee the QoS of user information and energy har-
vesting at the same time, constraint (22d) ensures that the
information outage probability of each user is not greater
than ¢ and constraint (22e) ensures that the energy harvest-
ing outage probability of each user is not greater than e&.
Constraints (22f)—(22h) are RMS transmissive coefficient
constraints.

As can be observed, the original problem PO is nonconvex
for the following several reasons: First, the highly coupled
variables make the objective function nonconcave. In addition,
constraints (22d) and (22e) are constraints based on the out-
age probability criterion, which are difficult to handle directly.
Finally, a nonconvex rank-one constraint (22h) is introduced
after the RMS transmissive coefficient vector is lifted to a
matrix. Therefore, solving this problem is challenging.

III. ROBUST JOINT OPTIMIZATION ALGORITHM DESIGN
IN TRANSMISSIVE RMS TRANSCEIVER-ENABLED
SWIPT NETWORKS

A. Problem Transformation

Obviously, problem PO is a nonconvex optimization problem
and needs to be transformed into a tractable convex problem.
Next, we reformulate the probability constraint (21d) through a
statistical model. Herein, O,I(D can be rewritten as (23), shown
at the bottom of the page. We introduce the auxiliary matrix

K
Pkpitr (@ F)
PO : max log, | 1 + b, — _ ,
o.p.F ; < Ok Z,’#kpitr((I’kF) + pkO_kZ + 8]% Qi = PPk Pk — PiVin '#kazq)k Vk (24)
1
st. px >0 Vk (22a)
K and
;pk = Pmax (22b) A® = ppk APk — piYin ZPiA‘Pk Vk. (25)
0<p<1 Vk (22¢) i#k
Pr{SINR; < yu) < & Vk (22d) Theg, the information outage probability of the kth user can
be given by
PriEy < Ep} <& Vk (22e)
F,n<1 Vn (22f) op = Pr{tr(<<1>k + Aq’k)F) < pkvmoi + Vthfs/%} Vk.
F>0 (22g) (26)
tr((® A®)F
OIP = Pr{SINRy < yui) = Pr PPt T Ayt vk 20)
Pk Z#kpitr(((pk + A®YF) + proy + 5,
K
OFM = Pr{Ey < Ey) = Pr{w ((1 — o) (Zpitr(@k + A®YF) + o,3>> < E,h} Vk 1)
i=1
D _ 2 2
O = Pr{ pipitr((® + APYF) < pryim Z pitt((®x + A®YF) + prymoy + ymd; ¢ Yk (23)

ik
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We define a random variable xx = tr((®x + A®F) Vk
and an intermediate variable to be optimized c¢; = ,okythokz +
ythI% Vk. Since (i>k, A<i>k, and F are all Hermitian matrices,
the following Proposition 2 can be cited for the probability
distribution analysis of xk.

Proposition 2: If X is a random matrix with CSCG random
elements with 0 mean and variance cr , for any deterministic
matrix Y, the following formula is estabhshed.

r(YX) ~ CA (0, aftr(YYH)). @7
According to [39, Proposition 2], we can obtain y; ~
CN (tr(deF) o, ktr(FFH)) where o2 ok can be given by

2

ok = PiPios + PPV Y piog VK (28)
itk
then
oor=piog | Pi+vay_pi | Yk (29)

ik
Therefore, the information outage probability of the kth user
(’)1ch can be obtained by (30), shown at the bottom of the
page, where |F||> = tr(FFY). According to the definition of
the error function

erf(x) = «/_ / exp du

the information outage probability of the kth user can finally
be given by

€2y

D 1 1 tr(ékF) — Ck
O = 3~ Eerf m Vk. (32)
Thus, constraint (22d) can be rewritten as follows:
1 1 tr(ékF> —Ck
h Eerf m << Vk. (33)

This formula can be converted to

tr(iF) — a1 = V2oelFllerf (1 =260 VK. (34)
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Similarly, the kth user’s energy outage probability OEH is
denoted by (35), shown at the bottom of the page, where

P =(1-p) Y 1Pz<1>k, A®p = (1 — p) Y5 | piA® and
O = 1(E,h) (1 ,ok)ok Then, we define a random variable

Wy = tr((de + A@k)F) According to Proposition 2, we can
obtain @y ~ CN (tr(CDkF), /33 ktr(FFH)) where ﬂe x can be
given by

Bor=(1—p)’ Zp? 5 Vk.

i=1

(36)

Therefore, the kth user’s energy outage probability OEH is
obtained by (37), shown at the bottom of the page. Thus, the
constraint (22e) can be rewritten as follows:

1 1 tr(&DkF) -
———erf| ——L— | <& Vi
22 V2B iIIF|

This formula can be converted to

tr(®F) — gk = V2BekllFllerf ' (1 = 260) k. (39)

(38)

Hence, we can transform problem PO into problem P1, which
can be given by

K Pkprtr (P F)
P "I’nl?x Zlog2(l - Pk Z,‘;ekpitr(q)kF) + PkUkz + 5,%)

stope=0 VK (402)
K
Zpk < Pmax (40b)
k=1
0<pr <1 Vk (40c)
tr(®eF) — cx = V20, [Fllerf ™ (1 = 260) vk (40d)
r(®4F) — i = V2B.illFller/ ™ (1 = 260) ¥k (40)
F,,<1 Vn (401)
F>0 (40g)
rank(F) = 1. (40h)

After the original problem is transformed, the AO frame-
work can be implemented to decouple problem P1 into three

subproblems: 1) RMS transmissive coefficient optimization;
- 2
. “ (o — ()
O =Pr{ixx <l = f ————-exp| — dxx Vk (30)
o V270 i |IF 207 IFII?

K —~ —~

O = Pr{w ((1 — o) (Zp,-tr(@k + A®YF) + ae%k)) < E,h} =Prfur( (@ + A®)F) = ] Wk (35)
i=1
~ 2 ~
oBH ( } ok 1 (lD‘k — tI'(CDkF)) 1 tr(@kF> — Ok
= Pr{o; < = —exp| — oy =—- — —erf| ———— Vk 37
A k< %k / p k f (37)
—oco A/ 27 Be k| F|| 2,362,;{||F||2 2 2 V2B IIF]l
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2) transmit power allocation optimization; and 3) PS
ratio optimization. Then, three nonconvex subproblems are
transformed into convex subproblems by applying difference-
of-convex (DC) programming and successive convex approx-
imation (SCA), respectively. Next, by alternately optimizing
these three subproblems to reach convergence, the final RMS
transmissive coefficient, transmit power allocation, and PS
ratio scheme can be obtained.

B. RMS Transmissive Coefficient Optimization

In this section, we first fix the PS ratio p and transmit power
allocation p, and optimize the RMS transmissive coefficient F.
The objective function can be expressed as (41), shown at the
bottom of the page, which is the difference of two concave
functions with respect to (w.r.t) F, which are not concave.
Herein, we approximate g (F) linearly by SCA as follows:

&) = 2(F) +u((Tra(F))" (F - 1))

2 ()" Vk 42)
with
Pk D itk pi®y
Vrgi(F) = Yk
<,0k > Pitr(BLE) + po + 513) In2
(43)

where F” represents the value at the rth SCA iteration.
Therefore, problem P1 can be approximately expressed as
follows:

K

P2: max Z (gx(F) — g (F))
k=1

s.t. tr(ékF) — x> V20 xlFllerf ' (1 —2¢)  Vk (44a)

tr(@iF) — g1 = V2Bl Fllerf ™ (1 =261) Yk (44b)

F,,<1 Vn (44c¢)
F>0 (444d)
rank(F) = 1. (44e)

Since the constraint (44e) is nonconvex, we consider that apply
the DC programming to address this nonconvex rank-one
constraint.

Lemma 1: For any square matrix B € CV*N B > 0 and
tr(B) > 0, whose rank is one can be equivalently expressed
as follows:

rank(B) = 1 = tr(B) — |[B]l, = 0 (45)

where tr(B) = Z;V:lon(B), IBll2 = o1(B) represents the
spectral norm of matrix B, and represents the nth largest
singular value of matrix B. On the basis of Lemma 1, rank-
one constraint (44e) can be transformed in the optimization
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problem P2 as follows:
rank(F) = 1 = tr(F) — ||F|l, = 0. (46)

Then, a penalty factor £ is introduced and the above (40) is
added to the objective function of problem P2. Next, it is
converted into problem P3, which can be given by

K
P3:max ) (guF) = G(F)) - £(tr(E) — [FIl)
k=1

st tr(&)kF) — o = V20eiFllerf~1(1 —25) Vk (47a)

tr(OF) — ok = V2B.4lFllerf ™ (1 =260 Yk (47b)
<1 Vn (47¢)
0 (47d)

n,n

F
F

1Y

where ¢ represents the penalty factor associated with the rank-
one. Because ||F||, is a convex function, problem P3 is still
not a convex problem, which can be linearized by using the
SCA technique, and its lower bound can be given by

IFl 2 [F ] + (s (F) e () (F = F) )
£ (IF])",

v

(48)

where upax (F") denotes the eigenvector corresponding to the
largest eigenvalue of the matrix F at the rth SCA iteration.
Thus, problem P3 can be further converted into problem P4
as follows:

P4: max 5 (6 — & ®™) — () — (IF1")

k=1
st tr(&)kF) — o = V20 i Fllerf~1(1 —28) Vk (49a)

tr(OF) — gk = V2B.ilFllerf ™ (1= 260) Wk (49b)
Fon<1 Vn (49¢)
F>0. (49d)

After the analysis, when the probability of the user’s
information and energy outage is less than 0.5, the coefficients
on the right side of the inequalities of (49a) and (49b) about
the matrix F are positive. In general, the outage probability is
not greater than 0.5. The subsequent simulation in this article
is set to 0.1, which can satisfy this condition. If the outage
probability is set to be greater than 0.5, SCA can be further
used to linearize the right-hand side (RHS) of the inequali-
ties of (49a) and (49b) to solve the problem. Therefore, this
problem is a semidefinite programming (SDP) problem, which
can be efficiently solved by utilizing the CVX toolbox to
obtain the RMS transmissive coefficient.

C. Transmit Power Allocation Optimization

In this section, the RMS transmissive coefficient F and PS
ratio p are given, and we optimize the transmit power alloca-
tion p. The objective function can be denoted by (50), shown at

k=1 i=1

K K K
> [ tog, (Z pipitt(P1F) + prof + 8,%) —logy [ ok Y pitt(@iF) + prof + 82 | | =D (aeF) — 2 () Vk (41
ik

k=1
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the bottom of the page. It can be seen that the objective func-
tion is the difference of two concave functions w.r.t p;. Thus,
it is a nonconcave function. It can be linearized by SCA, i.e.,
we perform a first-order Taylor expansion on the second term
and (51), shown at the bottom of the page, can be obtained,
where p{ represents the value at the rth SCA iteration. Hence,
problem P1 is transformed as follows:

K
Ps:max 3 (hepy) — Fup)"”)
k=1

s.t. pr >0 Vk (52a)
K
Y Pk < Proa (52b)
k=1

tr(ékF) —cx = V20 illFllerf~ (1 = 2c0) Yk (52¢)
tr(®4F) — g1 = V2B Fllerf ™' (1 = 26) k. (52d)

Since the problem is a standard convex optimization problem,
we can use CVX toolbox to solve it and obtain the transmit
power allocation p.

D. Power Splitting Ratio Optimization

In this section, the PS ratio p for each user is optimized
when the remaining two sets of variables are fixed. Herein, the
objective function can be given by (53), shown at the bottom of
the page. Similarly, by using the SCA to linearize the second
term in (53), we can obtain (54), shown at the bottom of the
page.

Therefore, problem P1 can be transformed into problem P6,
which can be given by

K
Po:max Y- (£po) ~ (00"
k=1
st. 0< o<1 Vk (55a)

tr(&)kF> —x = V20 illFllerf~ (1 = 2¢0) Yk (55b)
tr(®eF) = g = V2o [Fllerf ™ (1 = 260) ¥k, (55¢)
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Algorithm 1 Robust Joint Optimization Algorithm in
Transmissive RMS-Enabled SWIPT Networks

1: Input: FO, po, po, threshold € and iteration index r = 0.

2: repeat

3: Solve the problem P4 to obtain RMS transmissive coeffi-
cient F*.

4: Solve the problem P35 to obtain transmit power allocation p*.

5: Solve the problem P6 to obtain power splitting ratio p*.

6: Update iteration index r = r + 1.

7: until The whole problem satisfies the convergence threshold

requirement.
8: return RMS transmissive coefficient, transmit power allocation,
power splitting ratio.

We can see that this problem is a standard convex optimization
problem and can be efficiently solved by utilizing the CVX
toolbox.

E. Overall Robust Joint Optimization Algorithm in
Transmissive RMS-Enabled SWIPT Networks

In this section, we propose the overall joint RMS trans-
missive coefficient, transmit power allocation, and PS ratio
optimization algorithm and summarize it in Algorithm 1. First,
when the transmit power allocation and PS ratio are given,
the RMS transmissive coefficient are determined by solving
problem P4. We can respectively, solve problems P5 and P6
to obtain the transmit power allocation and PS ratio. At last,
the three subproblems are optimized alternately until the entire
problem converges.

F. Computational Complexity and Convergence Analysis

1) Computational Complexity Analysis: In each iteration,
the computational complexity of the proposed robust joint
optimization algorithm is divided into three parts. The first is to
solve the SDP problem P4 with complexity O(M?>-) through
the interior point method [40]. In addition, the complexity of

k=1 i=1

K K
Y | loe (Z pipitr(DiF) + prof + 8,%) —logy | ok Y_ pitr(®iF) + prof + &
ik 1

K
=Y () =)  (50)

prtr(DiF)

1>

he()™® Vk

hie(pi) < hie(p?) +

Pi — Di
(pk Zi#kpftr(CDkF) + pkakz + 6,%) In2

i)

(G

k=1 i=1

K K
> |l (Z pipite(PiF) + prog + 51%) —logy | o Y pitr(P4F) + prof + 83
ik

K
= (f) =F(o0) Yk (53)
k=1

Zi;&k pitr(®,F) + sz

(ox = pf) = F(o0)"™ Vk

Floo) <F(pp) + (

o Zi¢kpitr(<l>kF) + ,0120,{2 + 8,%) In2

(54)

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on June 05,2023 at 08:49:14 UTC from IEEE Xplore. Restrictions apply.



LI et al.: ROBUST SUM-RATE MAXIMIZATION IN TRANSMISSIVE RMS TRANSCEIVER-ENABLED SWIPT NETWORKS

calculating the subgradient through singular value decompo-
sition is O(M?>). Accordingly, the computational complexity
of the first part is at most OM?33). Then, both the sec-
ond part and the third part solve problems P5 and P6 with
computational complexity O(K>), respectively. Herein, let r
be the number of iterations required for the proposed robust
joint optimization algorithm to reach convergence, the com-
putational complexity of Algorithm 1 can be expressed as
O(V(K3'5 +M35))

2) Convergence Analysis: The convergence of the proposed
robust joint optimization Algorithm 1 in transmissive RMS-
enabled SWIPT networks can be proved as shown later.

Let F", p”, and p" denote the rth iteration solution to prob-
lems P4, PS, and P6. The objective function can be expressed
as R(F",p", p"). In step 3 of Algorithm 1, the RMS trans-
missive coefficient F* can be obtained for given p” and p”.
Hence, we have

R(Fr, l,’r’ pr) < R(FH_I, pr, pr).

In step 4 of Algorithm 1, the transmit power allocation p* can
be obtained when F” and p” are given. Herein, we also have

R(Fr+l,pr, pr> < R(Fr+l,pr+l,pr).

Similarly, in step 5 of Algorithm 1, the PS ratio p* can also
be obtained when F” and p” are given. Thus, we have

(56)

(57)

R<Fr+l’pr+1’pr> < R(Fr+17pr+l’pr+l>. (58)
Based on the above, we can obtain
R(Fr, pr’ pr) < R(FrJrl , pr+1 , pr+l). (59)

The above inequality proves that the value of the objective
function is monotonic nondecreasing after each iteration of
Algorithm 1. In addition, there is an upper bound on the objec-
tive function value for problem P1. The above two aspects
ensure the convergence performance of Algorithm 1.

IV. NUMERICAL RESULTS

In this section, we demonstrate the effectiveness of the
proposed robust joint optimization algorithm in transmissive
RMS-enabled SWIPT networks through numerical simula-
tions. In the simulation setting, we consider a 3-D communica-
tion network scenario, where the position of RMS transmitter
is (Om, O m, 15 m), and K = 4 users are randomly dis-
tributed in a circle whose center coordinates is (0 m, O m,
0 m) with a radius of 50 m. RMS is equipped with N = 16
elements. The antenna spacing is set to half the wavelength
of the carrier. Meanwhile, we assume that the parameters
of all users are the same, ie., ar = 150, by = 0.024,
and & = 24 mW [41]. Herein, we set 0?2 = —50 dBm,
v = —30 dB, and E;; = —40 dB in the simulations. The
path loss exponent is set as o« = 3. We set the path loss 8 to
—20 dB when the reference distance is 1 m and set the Rician
factor k to 3 dB. The threshold for algorithm convergence is
set as 1073.

First, the convergence of the proposed algorithm is veri-
fied in transmissive RMS-enabled SWIPT networks. Fig. 2
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Fig. 2.
algorithm.

Convergence behavior of the proposed robust joint optimization

shows the change of system sum-rate with algorithm itera-
tions. It obvious that the sum-rate increases as the number of
iterations increases, which verifies our proposed algorithm has
good convergence. In addition, we compare the effect of differ-
ent RMS transmissive element counts on system performance.
Considering that the array of RMS is distributed in a UPA
with the same number of elements in the horizontal and verti-
cal directions, the number of RMS element is a perfect square.
Specifically, we compare the system sum-rate of the proposed
algorithm when the number of RMS transmissive elements is
9, 16, and 36. It can be concluded that the larger the number
of RMS elements, the upper the system sum-rate.

In this section, We verify the good performance of the
proposed robust joint optimization algorithm in transmis-
sive RMS-enabled SWIPT networks compared with other
benchmark algorithms.

1) Benchmark 1 (RMS-Random-Phase): In this case, we
adopt a random RMS coefficient to deploy RMS and do
not optimize its coefficient, i.e., problems P4 and P6 are
optimized alternately.

2) Benchmark 2 (Fixed-Transmit-Power): In this case,
the transmit power is allocated equally to each user,
while the RMS transmissive coefficient and PS ratio
optimization still use the solution of problems P4 and P6.

3) Benchmark 3 (Fixed-Power-Splitting-Ratio): In this case,
the PS ratio is regarded as a constant, i.e., pr = 0.5 Vk,
and we optimize problems P4 and PS5 jointly.

Next, we investigate the relationship between the system
sum-rate and the maximum transmit power of the RMS
transceiver. As shown in Fig. 3, the system sum-rate increases
as the increase of the maximum transmit power of the RMS
transceiver, and the performance of our proposed algorithm
outperforms all benchmarks, which reflects the advantage of
jointly optimizing the RMS transmissive coefficient, transmit
power allocation and PS ratio. The performance of benchmark
2 is the worst because it equally allocates the transmit power
to each user and does not take advantage of the channel differ-
ences of different users. The performance of the system can be
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Fig. 4. System sum-rate versus the number of RMS transmissive elements.

improved by allocating more resources to users whose channel
quality is better. Compared with benchmark 3, the proposed
scheme has similar performance when the transmit power is
high, because when the power is high, the constraints of the
user’s SINR and energy harvested are easier to meet, and the
system performance mainly depends on the transmissive RMS
coefficient design and transmit power allocation.

Fig. 4 shows the system sum-rate verus the number of
RMS transmissive elements. It can be seen that the system
sum-rate increases as the number of transmissive RMS ele-
ment increases for all benchmark algorithms, which is mainly
because when the number of transmissive elements increases,
the number of reconstructed channels increases, and the chan-
nel gain of the receiver increases. This also reflects the
performance advantage of the RMS as a low-cost passive
component, which improves spatial diversity by increasing
the number of RMS elements without requiring additional
signal processing. It has a wide range of application in
IoT networks. Moreover, the proposed algorithm has obvi-
ous performance advantages in different numbers of RMS
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elements, which reflecting the advantage of the robust joint
optimization algorithm.

Then, the system sum-rate versus the number of users is
dipicted in Fig. 5. It is obvious that the system sum-rate
decreases as the increase of the number of users. This is mainly
because we keep the maximum transmit power unchanged.
When the number of users increases and the SINR constraints
of each user must be satisfied, each user needs to obtain a
certain amount of energy, which leads to mutual interference
increases and users with better channels have difficulty obtain-
ing more power. Furthermore, our proposed algorithm still
outperforms other benchmarks with the same number of users,
which indicates our proposed algorithm can better deal with
mutual interference.

Fig. 6 shows the system sum-rate versus energy harvested
threshold. It is obvious that when the user’s energy harvested
threshold increases, the system sum-rate decreases. Owing to
when the threshold increases, the user needs to obtain a larger
power allocation or decrease the PS ratio to meet the con-
straints of energy harvested, and the achievable rate of each
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user decreases with the decrease of the PS ratio. Therefore,
system sum-rate also decreases. While the performance of
benchmark 3 remains almost unchanged, this is because we
satisfy the constraints by initially setting a reasonable split-
ting ratio, and the PS ratio will not change in the subsequent
alternate optimization process.

Fig. 7 depicts the system sum-rate versus the noise power
spectral density. It can be seen that the performance is greatly
affected by noise due to the large interference between users
in the model considered in this article. As the noise power
spectral density increases, the system sum-rate decreases.
Compared with other benchmarks, our proposed algorithm
has the best performance, and the advantage is more obvi-
ous in the environment with larger noise, which shows that
our proposed optimization of joint RMS transmissive coeffi-
cient, transmit power allocation and PS ratio can be used well
in all environments.

Fig. 8 illustrates the variation of our proposed robust joint
optimization algorithm and other benchmark algorithms ver-
sus different spectral norm of the channel error matrix. The
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abscissa of Fig. 8 is logarithmic. The increase of chan-
nel estimation error will lead to the degradation of system
performance. This is mainly because a larger channel estima-
tion error matrix will make the constraints (22d) and (22e)
tighter, which will degrade the performance of the system in
terms of sum-rate. It is obvious that when the spectral norm
of channel error matrix is large, the performance of bench-
mark 3 decreases sharply. This is because a small PS ratio is
set to meet the requirements of constraint (22e) initially, and
PS ratio cannot be updated during the alternate optimization
process, and the objective function is significantly affected by
PS ratio at this time. In fact, perfect CSI cannot be obtained at
the transmitter in the practical system, a certain channel esti-
mation error is considered in our model, which is more robust
and more conducive for deployment in actual communication
networks.

V. CONCLUSION

In this article, we investigate the system sum-rate
maximization problem for transmissive RMS-enabled SWIPT
networks. Specifically, RMS transmissive coefficient, trans-
mit power allocation, and PS ratio are jointly designed under
the requirements of SINR and energy harvested based on
outage probability criterion. First, the problem containing out-
age probability constraints is transformed into a tractable
optimization problem. Owing to nonconvexity of the trans-
formed problem, the AO algorithm based on SCA, DC, and
penalty function method is implemented to to handle noncon-
vexity and solve the problem. Besides, we analyze the com-
plexity of the proposed algorithm and prove its convergence
performance. From the numerical results, it can be concluded
that our proposed algorithm outperforms other algorithms in
terms of system sum-rate, which demonstrate transmissive
RMS transceiver is a potential multiantenna technology in the
design of future wireless communication networks.
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