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Abstract—This work presents a low-complexity algorithm for
minimizing the total transmit power in a reconfigurable intel-
ligent surface (RIS)-assisted simultaneous wireless information
and power transfer network. Towards this, a power minimization
problem is formulated subject to information communication and
energy harvesting constraints, by jointly optimizing base station
and RIS beamformers with power splitting ratios of energy-
harvesting communication users. For reducing the computational
complexity, the proposed algorithm first solves an approximate
power minimization problem to find an appropriate initial point,
which is then used for further optimization through iterative
successive convex approximation (SCA)-based algorithm. The
simulation results demonstrate that the proposed algorithm
achieves significant reduction in computational complexity, in
terms of the number of iterations needed to achieve convergence,
without compromising on performance.

I. INTRODUCTION

Simultaneous wireless information and power transfer
(SWIPT) has attracted a lot of attention recently as it can
provide connectivity and wireless energy supply to low-power
Internet-of-Things devices. However, the range of successful
wireless power transmission is the main bottleneck in SWIPT
networks. Moreover, with the use of higher frequency bands,
such as terahertz in 6G systems, the transmission distance
is further severely affected by the higher path loss [1]. Ad-
ditionally, the blockage effects are more prominent in THz
transmission frequencies. These shortcomings particular to
the THz transmissions can be addressed by incorporating a
reconfigurable intelligent surface (RIS), which provides a high
passive beamforming gain, into the system model.

In recent years, numerous research studies have been con-
ducted to analyze and optimize the performance of RIS-
assisted wireless energy harvesting systems. The main goal
in performance optimization studies has been the joint opti-
mization of active and passive beamforming vectors at the base
station (BS) and RIS, respectively, under different quality-of-
service (QoS) constraints. There are many studies which focus
on maximization of throughput, for example [2] and references
therein, maximization of total harvested power, for example [3]
and references therein, and energy efficiency maximization, for
example [4] and references therein.

A general approach in the above mentioned studies has
been to fix one set of the optimization variables, e.g., the RIS
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passive beamformer and optimize the other set of optimization
variables, e.g., the BS active beamformers, or vice versa. For
these individual optimization subproblems, a vast majority of
approaches use successive convex approximation (SCA) to re-
formulate the original optimization problem as an approximate
convex optimization problem. Then the approximate problem
is solved through convex optimization techniques to obtain a
suboptimal solution for the original problem. This process is
repeated in an iterative manner until convergence.

The iterative process within the SCA-based algorithm en-
tails increased computational complexity of the solution al-
gorithm, which is directly proportional to the number of
iterations. The number of iterations needed to approach the
convergent state is subsequently dependent on the initial point
of the SCA algorithm. Therefore, choosing an appropriate
initial point can significantly affect the overall computational
complexity of the iterative algorithm. This effect is more
pronounced when the optimization problem size is large, for
example in multi-carrier communication.

In this paper, we first approximate channel matrices with
Toeplitz matrices and then obtain an approximate initial point
by solving the resulting approximate optimization problem.
With the help of the obtained initial point, the proposed SCA-
based algorithm achieves convergence in significantly smaller
number of iterations when compared against random initial
points. The considered system model in this paper is quite
different from the existing works [1]-[4] since the existing
works assume single carrier transmission in sub-6 GHz.

II. SYSTEM MODEL AND PROBLEM DESCRIPTION

We consider a downlink SWIPT network which consists of
a BS equipped with N antennas, an RIS equipped with M
reflecting elements, and K single-antenna energy-harvesting
communication (EHC) receivers. The EHC receivers employ
the power splitting (PS) protocol to simultaneously receive
energy and information from the BS. We assume that the
direct transmission links between BS and EHC receivers are
blocked and therefore transmissions are only possible due to
the reflected links offered by the RIS. Furthermore, we assume
that the transmissions occur over C' subcarriers in sub-THz.

We denote by s, . and wy,. the transmit symbol and
beamforming vector directed toward k-th EHC receiver over



c-th subcarrier, respectively. Then, the received signal at the
k-th EHC receiver over c-th subcarrier can be written as

K

Yk,e = glg{chc Z Wi cSi,c + Nk cy (1)
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where H,. represents the channel matrix between BS and
RIS, © represents the RIS phase shift matrix, gy, . represents
the channel vector between RIS and the k-th EHC, and
Ny 18 the additive white Gaussian noise with variance o2,
Furthermore, in order to capture the effects of transmission in
sub-THz, the channel matrices are modeled according to near-
field assumptions [S]. A brief discussion about the near-field
channel is provided as follows.

We assume that there are P; > K paths between BS and
RIS as well as Lj paths between RIS and the k-th EHC user.
Furthermore, the [N-element generic near-field steering vector
between nodes [, u for subcarrier ¢ toward direction 6, and
distance r is given as

—iZE+Le)an | e—jQT"'(l—i-fTC)A'r‘N]
K ) bl

a;u(r,0,c) =le
where )\ is the carrier frequency wavelength, and
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with d = % Then, assuming i-th reflector is at distance
rp,; and angle ¢p ; (respectively rr ; and ¢r ;) from the BS
(respectively RIS), H. can be written as
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where o . is the large scale path loss component for the i-th

path and c-th subcarrier. Similarly, the channel between RIS
and k-th user over c-th subcarrier can be written as

8k,c = Ak Wk,

where

Ak = [apr(Te,1,0k,1,€), - Ak R(Tk, Ly » Ok, L » )],

and wy, is the large scale path loss vector for the paths between
the k-th EHC user and RIS.

At the k-th EHC receiver, the received signal is split into
two parts using PS ratio pi. One part is used for information
decoding while the other part is used for energy harvesting.
Therefore, the signal part available for information decoding
can be written as

K
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whereas the signal part available for energy harvesting can be
written as

K
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For information decoding, the signal-to-interference-plus-
noise ratio (SINR) corresponding to (2) is given as
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On the other hand, the harvested energy over the c-th

subcarrier can be written as
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and the total harvested energy over all the subcarriers as

C
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Optimization Problem: 1t is clear from (4) and (6) that the
SINR and harvested energy are strongly dependent on PS ratio
and active/passive beamformers. Therefore, we formulate an
optimization problem where the objective is to minimize the
total transmit power while satisfying the QoS requirements of
the EHC receivers. In particular, the optimization problem can
be mathematically written as
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where any set X = {1,---, X} is of size X, and ©,,,
is the (m,n)-th element of ©. In (7), the objective function
(7a) is the total transmit power, (7b) represent communication
QoS constraint, (7¢) corresponds to QoS constraint for energy
harvesting, (7d) is PS ratio constraint and (7e), (7f) are the
phase shift constraints for RIS. It can be noted that the
optimization problem in (7) is a non-convex problem. In the
following section, we provide a suboptimal solution for (7).

Notice that even if ® and p are fixed in problem (7), it can-
not be solved using the conventional semidefinite relaxation
(SDR) method due to the presence of energy harvesting con-
straints. Specifically, the rank-constrained separable semidef-
inite programming approach is not applicable here since the
number of constraints violates the necessary conditions for its
application.

III. PROPOSED ALGORITHM

We use alternating optimization to solve (7) by alternatingly
optimizing w; . and ©, respectively. As such, we first solve
(7) for fixed value of ® and then optimize ® for fixed values
of pi and {w;.}. The detailed explanation of these steps is
provided in the following subsections.



A. Optimizing {w; .} for Given ©

We notice that even after fixing ®, the problem is still
non-convex due to the non-convex QoS constraints (7b) and
(7¢). The non-convexity of (7b), (7¢c) can be addressed by the
SCA-based approach. In particular, the non-convex part of the
constraints is represented by its corresponding lower-bound.
In this way, a suboptimal solution can be approached.

To proceed with the SCA-based approach, the constraints
Tic(pe, {Wic}, ®) > e and Br(pr, {Wic},®) > e
are replaced by T, (p;€7 {Wi,c}7®|W27(;) > e and

Br (prs {wic}, ©|{w! }) > e, respectively, by applying
first-order Taylor approx1mat10n around the point {w .} in
t-th iteration. Especially, the numerator in the r1ght hand
side (RHS) of (4), and the RHS of (5) are replaced by
their respective first-order Taylor approximations for obtaining
Tt (o1 Iwic} ©lwh, ) and By (pr, {wic}, O{wl}), re-
spectively. After these replacements, the optimization problem
(7) with respect to py, {w; .} can be modified as
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(8c)
0<pe <1, VkeK. (8d)

Since lower bounds are used in the convexification process
of the QoS constraints, it can be shown that any solution
to (8) is also a feasible solution to problem (7). Therefore,
it can be concluded that the optimal value of (8) is always
greater than or equal to that of (7). Problem (8) can then
be solved iteratively until convergence is reached, to obtain a
suboptimal solution for py,, {w; .} in (7). However, the number
of iterations needed to achieve the convergence are dependent
on the choice of initial point, that is {w .} A suitable initial
point can be obtained by solving an approx1mate optimization
problem, where the channel matrices in the original problem
are replaced by their approximate representations. In doing so,
the solution obtained by solving the approximate optimization
problem can serve as an appropriate initial point for the
original problem. In the following, we provide a detailed
discussion about finding an appropriate initial point for (8).

In order to obtain an appropriate initial point for the SCA-
based algorithm, we find an approximate solution for w; ., p
in problem (7). To this end, we first replace all the expressions
of the form wch(fI@thcngC@chi,c & chHk,CWi,c by
waI:Ik,cwi,c in (7), where I:Ik.yc represents the Toeplitz matrix
approximation of the overall channel matrix Hy, . between the
BS and k-th EHC user over c-th subcarrier. The Toeplitz matrix
approximations for the channel matrices can be obtained by
the method proposed in [6]. After this replacement of channel

matrices with their approximations, the approximate problem
can be written as

C K
22 lwiel?

minimize
pia{wi,c} c=1 k=1
subject to  Tk.c(pr, {Wic}) > Ve.eo ©)
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where Ty o(pr, {Wic},®) and  Br(pr, {Wic},®) are
obtained by replacing all the terms of the form
HyHeH H O@H,w;., by wHHp.w;,. in (4)
Wi et 8k,c8l.c Wi y i,ctitk,eWi,c

and (6), respectively.

It can be shown that the newly formed (approximate) prob-
lem (9), although apparently non-convex, possesses hidden
convexity within it due to the Toeplitz matrix structure of
the matrices I;Ik,C [7]. Moreover, the approximate problem
can be solved with SDR technique and since the approximate
channel matrices have Toeplitz structure, it is guaranteed that
the solution obtained by solving the approximate problem
through the SDR technique satisfies rank-one property [7].

After solving the SDR of the approximate problem (9),
spectral factorization [8] can be used to obtain the rank-one
solution. This approximate solution is subsequently used as
the initial point for solving (8) in an iterative manner. These
further iterations not only help in reducing the total power
but also make sure that the final solution satisfies all the QoS
constraints in (7).

B. Optimizing © for Given {w; .}, and py,

The optimization with respect to ® for fixed values of
{Wi.c}, pr is complicated due to following two issues. First,
the objective function does not directly depend on ®, which
hinders the process of achieving convergence in the iterative
algorithm. Second, the presence of the unit modulus con-
straints in (7e), (7f) prevents the use of same SCA approach
that is used in (8). A very popular approach for RIS phase
shifts optimization in such scenarios is to use a combination
of SDR and Gaussian randomization. However, Gaussian ran-
domization approach can lead to solutions which may violate
the QoS constraints (7b), (7c) of the optimization problem.

To circumvent the above issues, we use a penalty-
based approach introduced in [9]. In this approach, the
first step is to introduce an aux111ary optimization vari-
able P such that P ZC 1 Zk Wkl and then

scale all the BS beamformers as w; . w’P“. For the

can be equiva-

second step, we note that |g£{c®chi,C|2
lently written as d)Hdiag (g}zc) HcWiychdiag (8ke) P =
Tr (99" diag (gff, ) H.W; H diag (g1,0)), where ¢

[@1’1,92’2,“- ;®M,]W] and ch = Wy, cW Then by
denoting ® = ¢, we can write

|g,{fc®chi,c|2:Tr ('i’diag (ngp) HCWLCHfdiag (ghc)) ,
(10)



TABLE I
SIMULATION PARAMETERS

Parameter Value
Number of EHC receivers K=41
Number of BS antenna N =64
Number of RIS elements M =64
Number of subcarriers C=38
Modulation scheme 16 QAM
Bit error rate requirement 1077
Noise power spectral density —174 dBm/Hz
Subcarrier spacing 78.92 MHz
Carrier frequency f =100 GHz
Paths between RIS and BS P, =5
Paths between RIS and k-th EHC user Ly =3
Path loss exponent 2
BS and RIS path distances 1,5 m
RIS and k-th EHC path distances 1,2 m

where & = P®, and Wi,a = V\;;"“. Therefore, problem (7)

with respect to ® is equivalent to the following problem:

minimize P (11a)
o, P

subject to Fk)c(‘i') > Ve,V k€ K, ceC, (11b)

Br(®) > e, VEkeEK, (11c)

®,,m=P, YmeM, &>-0, (11d)

rank (&e) — 1, (11e)

where T'; .(®), and (;(®) are obtained using (10) in (4) and
(6), respectively. Next, to tackle the non-convexity arising due
to rank-one constraint, a penalty term is introduced in the
objective function. Specifically, the goal of the penalty term
is to ensure that the optimized ® has rank-one property.

After the inclusion of penalty term and removal of rank-
one constraint, the convexified approximation of (11) in ¢-th
iteration can be written as [9]

minimize P 4 p (||<i>||* - f("lz’))
&, P (12)

subject to  (11b), (11c), (11d),

where y is a very large constant and || ® || is the nuclear norm.
Moreover,

F(®) = || @], — Tr (Am (&,t) AH (&»t) (<i> _ ét)) ,

where )\maw(@t) is the eigenvector corresponding to the
largest eigenvalue of ®¢. Since (12) is a convex optimization
problem, it can be easily solved with the help of convex
optimization problem solvers, such as CVX.

IV. SIMULATION RESULTS

The important simulation parameters are listed in Table I.
For channel parameters, the randomness is realized by ran-
domly choosing the position of the reflectors. However, once
the reflector positions are chosen, the rest of the channel
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matrices are generated using the near-field mathematical for-
mulations outlined in Section II. Simulation parameters are
chosen while assuming low-power devices with moderate/high
data rate requirements. Specifically, the chosen parameters
correspond to a throughput of ~ [20,100] Mbps while the
harvested energy is sufficient for uplink transmissions once
every few minutes with a transmit power of 0 dBm. We discuss
four types of results related to convergence, the required
number of iterations, the failure rate of the algorithm, and
the achieved objective values.

Fig. 1 shows the convergence behavior of the proposed
SCA-based scheme and the SCA scheme based on random
initialization for different random initializations chosen as
Wrand = k(rand(N,1) + ¢ x rand(N,1)). It can be seen
that the proposed scheme achieves convergence in a smaller
number of iterations compared to random initialization. This
is due to the fact that the proposed scheme first obtains an
appropriate initial point, which is an approximation of the
global optimal solution, for the SCA algorithm causing to
achieve convergence in fewer iterations.

Fig. 2 shows the average number of iterations needed
for the proposed SCA-based scheme and the SCA scheme
based on random initialization. Again, it can be observed that
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the proposed scheme outperforms the random initialization
scheme by reducing the number of iterations needed to almost
half in the worst case. Moreover, Fig. 2 also illustrates the
failure rate, where failure is defined as the divergence of the
SCA algorithm caused by inappropriate initialization, for the
proposed SCA-based scheme and the SCA scheme based on
random initialization. We can see that the failure rate for the
proposed scheme is 0% while the failure rates for the SCA
scheme based on random initialization ranges between 21%
and 95% depending on the random initialization parameter k.
Finally, Fig. 3 shows the average transmit power for differ-
ent data rate requirements in EHC users. The minimized power
for the proposed scheme and the random initialization scheme
(with k = 500) is almost same. Therefore, the proposed
scheme achieves performance similar to that of the random
initialization-based scheme in terms of power minimization.

V. CONCLUSION

This paper studied a power minimization problem for the
SWIPT system. The proposed scheme uses Toeplitz-structured
approximations for the channel matrices to obtain a suitable
initial point for the SCA-based algorithm. The proposed initial-
ization scheme reduces the number of convergence iterations
to almost half without any loss in performance.
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