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ABSTRACT: Reconfigurable Intelligent Surfaces (RISs) have emerged as a transformative solution for enabling energy-efficient and
interference-aware wireless communication in Sixth-Generation (6G) networks. This work investigates a novel RIS-assisted Simulta-
neous Wireless Information and Power Transfer (SWIPT) system where separated Power and Information Transmitters (PTx and ITx)
independently serve a Power User (PU) and an Information User (IU). A low-complexity deterministic RIS phase optimization strategy
is introduced, combining Semidefinite Relaxation (SDR) and Singular Value Decomposition (SVD), to maximize received power at the
PU while minimizing interference at the IU. Extensive simulations under both ideal and practical constraints, including 1-bit phase quan-
tization and 3GPP TR 38.901 Urban Micro (UMi) fading, confirm the method’s robustness. Results indicate that the proposed design
achieves 57.06 dB average received power at the PU and 13.78 dB signal-to-interference ratio (SIR) at the IU in realistic channels, sub-
stantially outperforming Accelerated Particle Swarm Optimization (APSO) and fixed-phase baselines. Moreover, Spectral Efficiency
(SE) remains above 4.30 bps/Hz at 60 km/h user mobility, showcasing resilience to Doppler-induced channel variation. The proposed
approach requires only 52ms on MATLAB Online using cloud-based Intel Xeon Platinum hardware, confirming its suitability for near
real-time applications. Despite these advantages, the design assumes static RIS configuration and perfect channel knowledge. Future
work may extend toward real-time RIS reconfiguration and learning-based control under partial channel state information. These findings
highlight the feasibility and adaptability of the proposed RIS-SWIPT approach for next-generation wireless systems.

1. INTRODUCTION

In recent years, RIS has gained significant attention as a
promising technology for future wireless networks, offering

key advantages in energy efficiency, cost-effectiveness, and in-
telligent wireless environment control. An RIS consists of nu-
merous passive unit cells, with each integrated with control el-
ements such as PIN diodes or varactors, which enable dynamic
manipulation of impinging electromagnetic waves [1, 2]. Un-
like conventional beamforming platforms, such as phased ar-
ray antennas or active relays [3], RIS can steer, focus, or scat-
ter electromagnetic waves without requiring active radio fre-
quency chains, making it a cost-effective and power-efficient
alternative. These advantages have positioned RIS as a key en-
abler in various applications, including secure communications,
mobile edge computing, unmanned aerial vehicles networks,
and backscatter communications [4–6].
In the context of 6G networks, where extreme energy ef-

ficiency, spectrum reuse, and massive connectivity are fun-
damental requirements, RIS has emerged as a critical enabler
for achieving green and intelligent wireless infrastructures. Its
ability to reconfigure the wireless propagation environment
with low hardware complexity aligns well with the goals of
6G systems, especially in applications involving ultra-reliable
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low-latency communication, massive machine-type communi-
cation, and pervasive edge intelligence [7–10].
Recent advancements in beamforming for RIS-enhanced

systems further reinforce this vision. Various works have ex-
plored beamforming in RIS-aided integrated sensing and com-
munication, unmanned aerial vehicle communications, and en-
ergy harvesting systems, focusing on both spectral and energy
efficiency. In [11], joint beamforming and active RIS design
is considered to address secrecy and power harvesting in in-
tegrated sensing and communication scenarios using SDR and
successive convex approximation-based alternating optimiza-
tion. Similarly, [12] proposes a secure energy-efficient trans-
mission scheme in aerial RIS networks, leveraging deep re-
inforcement learning to optimize both beamforming and RIS
placement under power constraints. Hybrid beamforming tech-
niques are also investigated in [13], where joint optimization
with RIS phase shifts enhances mmWave integrated sensing
and communication performance, balancing communication
and sensing objectives. In radio frequency wireless charging
for unmanned vehicles, [14] studies time-slotted joint beam-
forming and power splitter optimization under nonlinear radio
frequency-to-direct current conversion. Additionally, [15] ad-
dresses RIS phase control and unmanned aerial vehicle trajec-
tory planning via a double deep Q-network to ensure fairness
and throughput in dynamic networks. These efforts underline
the critical role of advanced beamforming strategies in optimiz-
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ing RIS-assisted systems across various use cases, particularly
under practical and dynamic constraints.
Among the many potential applications of RIS, one particu-

larly promising area is SWIPT, which addresses the increasing
demand for sustainable operation of massive Internet of Things
(IoT) networks. By simultaneously delivering both power and
information, SWIPT enables IoT devices to maintain contin-
uous connectivity while harvesting energy for prolonged op-
eration [11, 16–19]. However, in practical SWIPT systems, a
major challenge arises due to interference between power and
information transmissions, especially in scenarios where sepa-
rate PTx and ITx are deployed [16, 19].
Most existing works on RIS-assisted SWIPT assume a single

transmitter responsible for both power and data delivery. How-
ever, a more practical scenario involves separate PTx and ITx,
serving a PU and an IU. In such a system, the high-power trans-
mission from the PTx may lead to significant interference at the
IU, primarily due to unwanted reflections from the RIS. This in-
terference can degrade the received signal quality at the IU and
even damage sensitive components, making interference miti-
gation a critical aspect of RIS-assisted SWIPT system design
[17–19].
To address this issue, an RIS phase optimization strategy is

introduced, based on the combination of SDR and SVD. Specif-
ically, SDR is applied to relax the rank-one constraint and gen-
erate an optimized reflection matrix. Subsequently, SVD is
used to extract the dominant eigenvector, which forms the fi-
nal RIS phase configuration. Compared to heuristic approaches
such as APSO, this method offers a systematic and mathemat-
ically rigorous alternative with enhanced reliability.
To clarify the rationale and benefits of this method, the roles

of SDR and SVD in the optimization process are reviewed.
SDR functions as a convex optimization technique that refor-
mulates non-convex quadratic problems into convex Semidef-
inite Programming (SDP) by relaxing the rank constraint [20].
This transformation enables the use of efficient convex solvers
capable of producing near-optimal solutions with theoretical
performance guarantees. However, since the solution returned
by SDR is typically not rank-one, further processing becomes
necessary to extract a feasible beamforming vector. At this
stage, SVD is employed to identify the dominant eigenvec-
tor from the optimized matrix, corresponding to the optimal
phase alignment direction either to maximize energy delivery
or to suppress interference, depending on the system objec-
tive. The integration of SDR and SVD proves particularly ef-
fective in wireless optimization tasks involving quadratic forms
and rank constraints, such as beamforming and RIS phase con-
trol [21]. This combination becomes especially relevant for
SWIPT systems, where simultaneous energy transfer and in-
terference management must be jointly considered.
In addition to the ideal channel assumption, practical deploy-

ment factors are incorporated by including 1-bit phase quanti-
zation at RIS unit cells and adopting realistic channel models
based on the 3GPP TR 38.901 UMi scenario, encompassing
both log-normal shadowing and small-scale fading (Rician and
Rayleigh) [22]. Furthermore, Doppler effects induced by user
mobility are embedded into the channel dynamics, capturing

time-varying propagation characteristics in dynamic environ-
ments. These enhancements enable a comprehensive evalua-
tion of the proposed method’s robustness under hardware limi-
tations and real-world deployment conditions.
Simulation results demonstrate that even with coarse phase

quantization and in realistic channel environments, the pro-
posed SDR-SVD-based method maintains strong performance
in terms of power transfer and interference mitigation. Such
robustness and efficiency under non-ideal settings highlight the
potential of the proposed design to meet the energy and relia-
bility requirements of future 6G networks, where devices such
as battery-less IoT sensors, autonomous vehicles, and wear-
able devices must operate sustainably in dynamic and dense
deployments. Therefore, this work not only addresses the chal-
lenges of RIS-assisted SWIPT in current network settings but
also serves as a foundational step toward integrating intelligent
surfaces into future 6G architectures.
The key contributions of this work are as follows:

• A two-stage RIS phase optimization scheme using SDR
and SVD is developed, achieving 57.06 dB average PU
power under 1-bit quantization and UMi fading-7.77 dB
higher than the no-optimization baseline.

• The method remains robust under practical constraints (1-
bit RIS, 3GPP UMi channels), attaining 13.78 dB aver-
age IU SIR-outperforming APSO (8.79 dB) and baseline
(4.12 dB).

• ComparedwithAPSO [23], the proposed designmaintains
SE above 4.30 bps/Hz at 60 km/h, while APSO and base-
line drop to 4.17 and 2.96 bps/Hz, respectively, highlight-
ing mobility resilience.

• Trade-offs between power transfer and interference sup-
pression are observed; e.g., a slight PU power reduction
(from 61.77 dB to 57.06 dB) results in SIR improvement
(from 9.95 dB to 13.78 dB), confirming adaptability to
SWIPT requirements.

• Despite its strong performance under Doppler-induced
variations, the method assumes static RIS configurations
and perfect channel state information. This limitation mo-
tivates future work on dynamic adaptation via real-time re-
configuration or learning-based control under partial chan-
nel state information.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the RIS-assisted SWIPT system, including the
signal model. Section 3 presents the mathematical formulation
of the RIS phase optimization problem, incorporating power
transfer objectives and interference constraints. Section 4 in-
troduces the SDR-SVD-based method for solving the formu-
lated problem. Section 5 provides simulation results and per-
formance analysis to demonstrate the effectiveness of the pro-
posed method under both ideal and practical conditions. Sec-
tion 6 discusses the broader implications of the results, includ-
ing the robustness and 6G integration potential of the proposed
approach. Finally, Section 7 concludes the paper with key take-
aways and suggestions for future research directions.
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2. SYSTEM MODEL
AnRIS-assisted SWIPT system, as illustrated in Fig. 1, consists
of a PTx, an ITx, an RIS, a PU, and an IU. The PTx continu-
ously transmits a high-power continuous wave signal to supply
energy to the PU, while the ITx sends an orthogonal frequency-
division multiplexing-modulated signal to deliver information
to the IU. Both signals propagate through the RIS before reach-
ing their respective users. The PTx, ITx, and RIS are assumed
to be deployed in fixed locations, while the IU and PU are ran-
domly distributed in free space. The RIS’s reflection configu-
ration is determined by a central controller, which has access
to perfect channel state information and updates the RIS coef-
ficients via a dedicated backhaul link.

Reconfigurable 
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FIGURE 1. An RIS-assisted SWIPT system.

The RIS is modeled as a uniform planar array with N =
NxNy unit cells, where Nx and Ny denote the number of ele-
ments along theX-axis and y-axis, respectively. Each unit cell,
indexed by (m,n) for m = 1, . . . , Nx and n = 1, . . . , Ny , is
designed to maximize reflected energy and supports a discrete
set of phase shifts. The reflection coefficient of the (m,n)−th
unit cell is given by [5, 24]:

Γm,n = ejδm,n , (1)

where δm,n represents the reflection phase. The transmit-
ted signals from the ITx and PTx are denoted as xITx (t) and
xPTx (t), respectively. The ITx transmits a modulated orthog-
onal frequency-division multiplexing signal, while the PTx
sends a continuous wave signal xPTx (t) =

√
P0e

j2πfct, where
P0 is the transmitting power, and fc is the carrier frequency.
Given the high power requirements for wireless energy trans-
fer, P0 is significantly larger than the ITx’s transmitting power.
The received signals at the IU and PU are influenced by the

direct and RIS-reflected paths. The received signals at IU are
given by:

yIU = ΓTHTx−RIS−IUx+ (hTx−IU)T x+ σ, (2)

where Γ(∈ CN×1) is the reflection vector of the RIS obtained
by vectorization of the reflection of all unit cells in the RIS;
HTx−RIS−IU =

[
hITx−RIS−IU, hPTx−RIS−IU] (∈ CN×2) denotes

the end-to-end channel matrix between transmitters, RIS, and

IU. hITx−RIS−IU and hPTx−RIS−IU(∈ CN×1) are the column vec-
tors obtained by vectorization of the corresponding end-to-end
channels; hTx−IU = [hITx−IU, hPTx−IU] is the direct channel be-
tween transmitters and IU; x = [xITx;xPTx](∈ C2×1) is the
transmitted signal vector from ITx and PTx; σ denotes the re-
ceiver noise at IU. The instantaneous power of the receive sig-
nal at the IU can be computed as [24]:

P IU = |yIU|2 = |gTHIUx|2 = Tr
(
xH(HIU)Hg∗gTHIUx

)
= Tr

(
HIUxxH(HIU)HggH

)
= Tr

(
SIUG

)
,

(3)

where g = [Γ; 1]; HIU = [HTx−RIS−IU; hTx−IU] is the channel
matrix of IU which composes the end-to-end channel and direct
channel of IU; SIU = HIUxxH(HIU)H ; andG = ggH . Since the
transmitted power for wireless power transfer is much higher
than the noise level, the white noise is negligible and ignored
in (3). Similarly, the received power at the PU is:

P PU = |gTHPUx|2 = Tr
(
xH(HPU)Hg∗gTHPUx

)
= Tr

(
HPUxxH(HPU)HggH

)
= Tr(SPUG),

(4)

where HPU = [HTx−RIS−PU; hTx−PU] is the channel matrix of
PU which is composed the end-to-end channel and direct chan-
nel of PU, and SPU = HPUxxH(HPU)H .
Beyond the idealized channel assumption, a realistic deploy-

ment scenario is modeled using the 3GPP TR 38.901UMi street
canyon configuration to capture wireless propagation in dense
urban environments. This includes both large-scale fading (log-
normal shadowing) and small-scale fading (Rayleigh or Ri-
cian), determined by LoS conditions. The line-of-sight (LoS)
probability, shadowing variance, and fading profiles follow the
specifications in [22]. Channel coefficients for direct and RIS-
reflected links are generated accordingly to support evaluation
under practical conditions.
To model practical wireless channels, the overall channel co-

efficient between node a and node b (e.g., a ∈ PTx, ITx,RIS
and b ∈ IU, PU,RIS) is expressed as:

hab = hidealab ⊙
(√

βabαab

)
, (5)

where hidealab represents the deterministic LoS-based channel
component constructed from geometric parameters (e.g., dis-
tance, angle-of-arrival), and

√
βabαab denotes the large-scale

and small-scale fading, modeled as Rayleigh or Rician random
variables depending on the LoS condition.
To capture the time-varying nature of the channel due to

user mobility, the Doppler shift is incorporated into the small-
scale fading term. For a mobile receiver b (e.g., IU), the time-
dependent channel at time t is modeled as:

hab(t) = hidealab (0)⊙
(
αabe

j2πfD
abt

)
, (6)

where fD
ab =

vbfc
c cos(θab) is the Doppler frequency shift, with

vb denoting the speed of receiver b, c the speed of light, and θab
the angle between the direction of movement and signal arrival.

261 www.jpier.org



Cuong

Note that the Doppler shift primarily affects the small-scale fad-
ing component, as large-scale fading (e.g., shadowing and path
loss) evolves over much larger spatial scales and remains rela-
tively stable over short durations.
To evaluate the SE at the IU under interference and fading,

the SE is computed based on the signal-to-interference-plus-
noise ratio as:

SEIU = log2
(
1+

PIU

PInt + σ2

)
, (7)

where P Int is the interference power from the PTx (defined in
(8)), and σ2 denotes the receiver noise power.
This practical modeling scenario is particularly relevant for

evaluating RIS-based phase optimization under hardware con-
straints such as 1-bit phase quantization. It incorporates essen-
tial real-world effects, including channel randomness, Doppler-
induced time variation, multipath fading, and non-LoS impair-
ments, thus providing a realistic foundation for performance
evaluation in dense urban 6G environments.

3. PROBLEM FORMULATION
In the considered RIS-aided SWIPT system, the PU is posi-
tioned near the RIS to ensure efficient power transfer, while
the IU can be farther away and still receive data effectively.
However, the high-power signal intended for the PU may un-
intentionally reach the IU, potentially damaging its sensitive
components. Thus, the system design pursues dual objectives:
(i) maximize the power delivered to the PU while keeping the
IU’s received power below a safety threshold, and (ii) ensure
that the IU maintains a good Quality of Service (QoS) by opti-
mizing the information signal received from the ITx.
Given that the transmitted power for wireless power trans-

fer is significantly higher than that for data transmission, the
high-power leakage from PTx can interfere with the IU, distort-
ing its analog-to-digital converter and saturating the low-noise
amplifier. This issue is addressed by minimizing interference
from the PTx to the IUwhile simultaneouslymaximizing power
transfer to the PU and information decoding at the IU.
The relayed power from the PTx to the IU under the assump-

tion that only the PTx is active is used to quantify this interfer-
ence:

P PTx−IU = P Int = Tr(SIU0 G), (8)
where SIU0 = HIUx0xH0 (HIU)H ; x0 = [0, xPTx]T , and G = ggH
is the optimization variable representing the RIS phase config-
uration. The optimization problem is formulated as:

max
G

Tr
(
(SIU + SPU)G

)
s.t. Tr(SIU0 G) ≤ Pth,

G ⪰ 0,
rank(G) = 1

(9)

where Pth is the maximum allowable interference power at the
IU. This formulation provides a basis for designing an RIS-
based approach to optimize power transfer and minimize inter-
ference, as detailed in the next section. The rank-one constraint

onGmakes this a non-convex quadratic optimization problem,
which is generally intractable. The next section applies SDR to
relax this constraint and formulate a convex problem.

4. PROPOSED APPROACH
As discussed in Section 3, the formulated optimization problem
is non-convex due to the rank-one constraint on the lifted RIS
configuration matrix. A two-stage approach based on SDR and
SVD is adopted to address this challenge. The formulated opti-
mization problem is addressed using an SDR-SVD-based RIS
phase shift optimization strategy. This method effectively over-
comes the inherent non-convexity caused by the rank-one con-
straint, transforming the original problem into a convex SDP
that can be efficiently solved with modern convex optimization
tools.

4.1. SDR and SDP Formulation

First, a semidefinite variableG ∈ C(N+1)×(N+1) is introduced
as the lifted version of the augmented RIS phase shift vector.
The optimization problem is then relaxed into the following
SDP:

max
G

Tr
(
(SIU + SPU)G

)
s.t. Tr(SIU0 G) ≤ Pth,

G ⪰ 0,
diag(G) = 1,

(10)

where Pth is the maximum tolerable interference power at the
IU. The constraint diag(G) = 1 ensures that the resulting RIS
phase shifts satisfy the unit-modulus condition after projection.
This relaxed problem is a standard convex SDP and can be ef-
ficiently solved using available solvers such as CVX [20, 25].

4.2. Phase Shift Extraction via SVD
After solving the SDP, the optimal matrix G is obtained, but it
generally does not satisfy the original rank-one constraint. A
feasible solution is extracted by applying the SVD of G.

G = UΣUH , (11)

where U contains the singular vectors, andΣ is a diagonal ma-
trix of singular values.
Vector g represents the augmented RIS phase vector, in

which the last element is fixed to 1 (representing the reference
path), and the remaining elements correspond to the control-
lable phase shifts of the RIS elements. The augmented RIS
vector gopt is constructed by normalizing the first left singular
vector u1 with respect to its last element.

gopt =
u1

[u1]N+1
, (12)

where [u1]N+1 denotes the (N+1)-th element of u1. This nor-
malization aligns the augmented vector with the physical con-
straint that the reference entry (associated with the direct link)
is fixed. Finally, the optimized RIS reflection coefficient vector
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Γopt is extracted as:

Γopt =
[gopt]1:n
|[gopt]1:n|

, (13)

where [gopt]1:n represents the first n elements of gopt. This en-
sures that each element has unit amplitude, as required for pas-
sive RIS elements, and the phases are optimized to enhance the
system’s performance.
To evaluate the impact of practical hardware constraints, the

continuous phase shifts of Γopt using 1-bit resolution are eval-
uated. In this case, each RIS element is restricted to two dis-
crete phase values, typically 0andπ. The quantized phase vec-
tor Γ1−bit is constructed as:

Γ1−bit = sign(ℜ{Γopt}), (14)

followed by normalization:

Γ1− bit =
Γ1− bit
|Γ1− bit|

, (15)

where sign(·) denotes the sign function. This approach effec-
tivelymaps each continuous phase to its nearest quantized value
on the unit circle. By comparing system performance under
ideal continuous-phase control and 1-bit quantization, the ro-
bustness of the proposed design is assessed to practical RIS
hardware limitations.

4.3. Summary of the Proposed Workflow
The proposed SDR-SVD approach for RIS phase shift opti-
mization proceeds through the following steps:

• Step 1: Formulate the RIS phase optimization as a rank-
constrained SDP problem.

• Step 2: Apply SDR to convert the problem into a convex
SDP and solve it using convex optimization tools.

• Step 3: Perform SVD on the optimized matrix to extract
the dominant eigenvector.

• Step 4: Normalize the eigenvector to derive the RIS phase
shift vector satisfying the unit-modulus constraint.

An overview of the proposed optimization process is illus-
trated in Fig. 2. Unlike randomization techniques, which re-
quire multiple trials and may suffer from suboptimality, the
SVD-based extraction provides a principled, low-complexity,
and deterministic approach to approximate the rank-one solu-
tion. Overall, the SDR-SVD approach guarantees a tractable
and reliable solution, achieving high energy transfer efficiency
and robust interference suppression in SWIPT systems. Com-
pared to metaheuristic algorithms [23], it offers mathematical
rigor, faster convergence, and deterministic outcomes. More-
over, this approach can be extended to incorporate practical
channel impairments (e.g., Rician fading, spatial correlation)
as discussed in the system model, ensuring its applicability in
realistic 6G SWIPT deployments.

Start

End

Extract and normalize
optimal RIS control vector

Obtain optimized RIS 
phase shifts

Configure RIS

Define system parameters
and optimization constraints

Formulate and solve
SDP to obtain matrix G

Perform SVD on G

FIGURE 2. Workflow of the proposed RIS phase optimization ap-
proach.

5. NUMERICAL RESULTS

5.1. Simulation Setup
The simulation scenario and key parameters used to evaluate
the proposedRIS phase optimizationmethod are first described.
The simulation is based on the system model and assumptions
outlined in Section 2, including the RIS-aided SWIPT configu-
ration and interference constraints. Simulation results are pre-
sented to validate the effectiveness of the proposed SDR-SVD-
based approach in optimizing RIS phase shifts for SWIPT sys-
tems. The goal is to enhance signal quality while mitigating
interference at the IU under realistic conditions, transmitter-
receiver positions, and optimization constraints.
The scenario features an RIS centered at the origin (0, 0, 0),

assisting power and information transmission. The PTx and
ITx, each with a single antenna, transmit from (−3m, 2m, 4m)
and (−4m, −5m, 8m), respectively. The RIS is an 8 × 8 pla-
nar array of unit cells. The PU is positioned in the near-field at
(0.1m, −0.1m, 0.2m), while the IU is in the far-field at (4m,
−4m, 5m), both with single antennas, which serve as the de-
fault setting unless otherwise stated. The key performance met-
rics of interest include: (i) the power delivered to the PU (P PU)
and (ii) the SIR at the IU (SIRIU).
The proposed approach is compared with APSO and a base-

line where RIS phase shifts are fixed to zero (No Optimiza-
tion). APSO optimizes the phase shifts of 1-bit unit cells using
a weighted sum approach with a weight coefficient of 0.99, bal-
ancing power transfer to the PU and service quality for the IU.
APSO parameters include a population size of 100 and 50 iter-
ations [23, 26]. The maximum allowable interference power at
the IU (Pth) is set to −40 dB. The simulation assumes a carrier
frequency of 5.8GHz and a total bandwidth of 20MHz, consis-
tent with industrial, scientific, and medical band allocations for
SWIPT systems. The receiver noise is modeled using a noise
figure of 9 dB and a thermal noise density of −174 dBm/Hz.
Numerical results are then presented, followed by a detailed
discussion of their implications.

5.2. Impact of IU's Horizontal Position
The impact of IU’s position along the X-axis on both power
transfer and interference performance is then examined. Ta-
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TABLE 1. Impact of IU position on power and interference.

IU position inX-axis (m) P PU P IU P Int SIRIU

2.50 65.5 19.4 −40.0 59.4
3.00 65.4 20.9 −40.0 60.9
3.50 65.3 20.3 −40.0 60.3
4.00 65.4 18.1 −40.0 58.1
4.50 65.5 18.5 −40.0 58.5

ble 1 shows how the IU’s position along the X-axis impacts
P PU and SIRIU. As the IU moves from 2.5m to 4.5m, P PU

remains relatively stable around 65.4 dB, indicating that the
power transmission to the PU is not significantly affected by
the IU’s location. Meanwhile, P IU varies slightly, with a peak
at 3.0m (20.9 dB) and a minimum at 4.0m (18.1 dB). Despite
these variations, P Int remains constant at −40 dB, ensuring a
controlled level of interference. Consequently, SIRIU fluctu-
ates between 58.1 dB and 60.9 dB, with the highest value oc-
curring at 3.0m. This suggests that the optimal IU placement
for maximizing SIR is around 3.0m, where the received signal
is the strongest while maintaining interference suppression. It
is important to note that while the IU position along theX-axis
varies, its position along the Y -axis and Z-axis remains fixed,
ensuring that the observed effects are solely due to changes in
the X-axis placement. These results underscore the effective-
ness of the proposed approach in maintaining power delivery
to the PU while adaptively suppressing interference toward the
IU, depending on its spatial location.

5.3. Impact of PU's Vertical Position
The influence of the PU’s vertical position (Z-axis) on power
delivery and interference levels is subsequently analyzed. Ta-
ble 2 evaluates the impact of the PU’s vertical position (Z-axis)
on system performance. As the PU moves farther from the RIS
(from 0.2m to 1m), P PU gradually decreases from 65.4 dB to
51.5 dB. This trend highlights the expected power attenuation
due to increased path loss when the PU is placed farther from
the RIS. Interestingly, P IU remains relatively stable around
17.9 dB, indicating that the IU’s received power is not signifi-
cantly affected by the PU’s position. P Int stays around −40 dB,
ensuring interference control. However, the SIRIU slightly de-
creases from 58.1 dB at 0.2m to 57.9 dB at 1m. This suggests
that while PU positioning affects its received power, the over-
all interference mitigation strategy remains effective, preserv-
ing a high SIR for the IU. Similarly, while the PU’s position
varies along the Z-axis, its coordinates along the X-axis and

TABLE 2. Impact of PU position on power and interference.

PU position in Z-axis (m) P PU P IU P Int SIRIU

0.2 65.4 18.1 −40.0 58.1
0.4 61.7 17.9 −38.5 56.4
0.6 56.1 18.3 −39.8 58.1
0.8 53.3 17.2 −40 57.2
1 51.5 17.9 −40 57.9

Y -axis remain unchanged, ensuring that the impact is solely at-
tributed to changes in vertical positioning. This confirms that
the proposed RIS phase optimization can effectively adapt to
varying PU placements while maintaining the desired energy-
performance tradeoff in SWIPT systems.

5.4. Comprehensive Performance Analysis of the Proposed
RIS-Aided SWIPT Approach
The effectiveness of the proposed RIS-based phase optimiza-
tion method in practical wireless environments is evaluated us-
ing the Cumulative Distribution Functions (CDF) of two key
performance indicators: P PU and SIRIU. These metrics reflect
the dual objectives of SWIPT: (i) efficient energy delivery to
energy-constrained devices and (ii) interference-aware infor-
mation decoding for data-centric users. The results are bench-
marked against conventional schemes such as APSO and a non-
optimized baseline, under both ideal and realistic channel con-
ditions conforming to the 3GPP TR 38.901 UMi model. The
CDF curves are generated based on 500 independent simula-
tion runs to ensure statistical robustness and reliability.

5.4.1. PU Power Transfer Performance under Ideal and Practical Con-
ditions

As illustrated in Fig. 3, the proposed method demonstrates su-
perior capability in delivering high power to the PU across
all scenarios. When operating under ideal continuous phase
shifts, the proposed scheme achieves a consistently high re-
ceived power of 65.4 dB, with minimal variation across all CDF
samples. This confirms the optimality of the algorithm in align-
ing reflected signals constructively toward the PU. Even un-
der phase quantization constraints (1-bit), the proposed method
maintains an average of 61.77 dB, indicating a negligible degra-
dation despite the reduced phase resolution.
Importantly, when the realistic UMi channel model is

considered-incorporating both large-scale fading and small-
scale fading, the proposed approach still achieves a remarkably
strong average PU power of 57.06 dB. While this is slightly
lower than the ideal case due to environmental impairments
(e.g., multipath, shadowing), it remains superior to all compet-

FIGURE 3. CDF of received power at the PU for different RIS opti-
mization strategies, including practical UMi channel conditions.
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ing methods, including APSO (24.2 dB) and no-optimization
baseline (49.29 dB). This observation affirms the robustness
of the proposed scheme in real-world deployment scenar-
ios, where ideal channel conditions cannot be guaranteed.
Furthermore, such consistent performance in the presence
of 3GPP-modeled UMi channels suggests strong adaptabil-
ity in dense urban environments, which are typical target
deployments for 6G-enabled smart cities and IoT ecosystems.

5.4.2. IU Interference Management and QoS Preservation

The second performance metric, shown in Fig. 4, highlights the
interference control capability of each method at the IU, which
is critical formaintaining data fidelity in SWIPT systems. In the
ideal continuous phase setting, the proposed approach achieves
an exceptionally high and stable SIR of 58.12 dB, ensuring that
the IU operates under near-perfect signal conditions with negli-
gible interference leakage from the power transfer signal. Even
with 1-bit quantization, the SIR remains around 9.95 dB, which,
while being lower than the continuous phase case, still outper-
forms APSO (8.79 dB) and baseline method (4.12 dB) by a con-
siderable margin.

FIGURE 4. CDF of SIR at the IU for different RIS optimization strate-
gies, highlighting performance under practical UMi channel fading.

When the UMi channel is applied, representing real-world
impairments, the proposed approach still secures an average
SIR of approximately 13.78 dB, with values reaching as high
as 40.38 dB. This result is particularly notable, as it shows that
even under harsh propagation conditions, the RIS phase shifts
can be optimized to preserve the IU’s QoS while still priori-
tizing energy delivery to the PU. In contrast, APSO not only
yields lower average SIR, but also exhibits high variability and
occasional deep fades (with some samples falling below 0 dB),
rendering it less reliable in environments where consistent data
transmission is critical.

5.4.3. Multi-Objective Optimization and Practical Trade-offs

It is important to recognize that the proposed method implic-
itly solves a multi-objective optimization problem, wherein the
goals of maximizing PU power and minimizing IU interference
may conflict under certain conditions. This trade-off is visi-

ble in the UMi scenario, where PU power is slightly reduced
(compared to ideal) in exchange for improved SIR at the IU.
Specifically, under 1-bit phase quantization, the UMi scenario
delivers 13.78 dB SIR compared to 9.95 dB under ideal chan-
nels, albeit with a small reduction in PU power (from 61.77 dB
to 57.06 dB). This flexible trade-off control underscores the al-
gorithm’s ability to adapt to channel dynamics, making it highly
suitable for heterogeneous 6G networks with diverse service re-
quirements and stringent reliability.

5.4.4. Effect of IU Mobility on RIS-Assisted SWIPT Performance

In practical wireless environments, user mobility significantly
influences channel characteristics due to Doppler shifts, which
in turn affect SE. To reflect a typical mobility scenario, the
IU is assumed to move along the X-axis, with fixed y- and z-
coordinates, corresponding to a horizontal trajectory perpendic-
ular to both the RIS and transmitters. The velocity varies from
5 to 60 km/h, and Doppler-induced frequency shifts are accord-
ingly introduced into the complex-valued channel coefficients
between the IU and the ITx, PTx, and RIS. All simulations are
conducted using realistic propagation parameters conforming
to the 3GPP TR 38.901 UMi street canyon model, with 1-bit
phase control applied at the RIS.
Figure 5 presents the SE performance as a function of IU

velocity under different configurations: the proposed method
(with Doppler effect), APSO-based optimization, the proposed
method without Doppler effect, and a baseline without any
phase optimization. The results reveal a gradual SE decline
as user velocity increases, aligning with theoretical expecta-
tions where faster mobility induces more rapid channel fluc-
tuations, leading to phase misalignment and reduced construc-
tive signal combining. The proposed method maintains high
SE at low to moderate speeds and gracefully degrades at higher
velocities. Notably, it still outperforms both APSO and non-
optimized schemes across all speeds.

FIGURE 5. Impact of IU mobility on SE under Doppler effect.

For instance, at 5 km/h, the proposed method achieves
7.85 bps/Hz, while APSO and No Optimization yield only
4.70 and 2.99 bps/Hz, respectively. Even at 60 km/h, the
proposed method retains a robust 4.30 bps/Hz, indicating its
resilience. This analysis highlights the practical feasibility
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of the proposed approach in mobility-aware RIS-SWIPT
systems. The inevitable SE degradation at higher IU speeds
is attributed to the fast-varying channel phases caused by
Doppler-induced phase rotations, especially on the RIS-IU
link. Nevertheless, the consistent performance gap against
the baselines confirms the advantage of adaptive optimization
even under time-varying conditions.

6. DISCUSSION AND IMPLICATIONS

6.1. Robustness and Integration Potential for SWIPT in 6G Net-
works
Comprehensive simulations confirm that the proposed SDR-
SVD-based RIS phase optimization achieves superior perfor-
mance across both ideal and practical settings, including 1-
bit phase control and 3GPP UMi fading. Compared to APSO
and non-optimized baselines, the method delivers higher PU
power and improved IU SIR, even under stringent hardware
constraints.
Under realistic propagation conditions with large-scale and

small-scale fading, the methodmaintains robust energy and sig-
nal delivery. CDF results from 500 simulations highlight its
statistical reliability and generalizability.
Beyond static channels, mobility scenarios incorporating

Doppler effects are also considered. As IU velocity increases
from 5 to 60 km/h, SE degrades gradually but remains above
4.30 bps/Hz-consistently outperforming APSO and baseline
schemes. This resilience confirms the method’s applicability
in dynamic environments such as vehicular or mobile IoT net-
works.
With its deterministic nature, stable performance, and low

complexity, the proposed scheme aligns well with 6G SWIPT
requirements-supporting energy-autonomous IoT, smart sens-
ing, and adaptive orchestration in urban, industrial, and vehic-
ular contexts.

6.2. Deterministic Characteristics and Computational Effi-
ciency
The proposed SDR-SVD-based RIS phase design offers a de-
terministic optimization process, consistently yielding the same
solution for fixed system parameters. Unlike APSO, which
is stochastic and may converge to different local optima, the
SDR-SVD method solves a convex SDP and extracts the opti-
mal phase configuration via SVD, ensuring reproducibility and
reliability-critical for consistent SWIPT operation.
In terms of computational efficiency, the proposed method

incurs higher runtime due to the complexity of solving large
SDP problems. For an 8× 8 RIS, the lifted matrix has 65× 65
dimensions, leading to 4225 variables. For the Doppler-aware
scenario in Subsection 5.4.4, simulations on MATLAB Online
(Intel Xeon Platinum 8375C) show that the SDR-SVD method
requires an average of 52ms, compared to 0.8ms for APSO.
This gap reflects the fundamental trade-off between solution
quality and computational complexity: APSO is faster but
delivers suboptimal performance, while SDR-SVD achieves
better PU power and IU SIR-even under Doppler and 1-bit
constraints-by systematically exploring the solution space.

The proposed method, while computationally heavier, is
mathematically rigorous and globally oriented, ensuring con-
vergence to near-optimal solutions even under practical im-
pairments. Its execution time remains well within sub-100ms
latency, which is tolerable for non-time-critical 6G applica-
tions such as energy-autonomous IoT systems, smart sensor
networks, or wireless power distribution infrastructures. These
domains prioritize energy efficiency, predictability, and robust-
ness over ultra-low latency, making the proposed scheme a fea-
sible candidate for real-world deployment in 6G SWIPT sys-
tems.

7. CONCLUSION
This paper has introduced a robust RIS-assisted SWIPT archi-
tecture with separate transmitters for power and information
delivery, along with an efficient two-stage phase optimization
method based on SDR and SVD. Simulation results confirmed
the method’s effectiveness in achieving high power transfer
to the PU and strong interference mitigation at the IU. No-
tably, the proposed scheme delivered an average of 57.06 dB
received power and 13.78 dB SIR under 1-bit quantization and
3GPP UMi fading-outperforming both APSO and baseline ap-
proaches. The SE performance under user mobility remained
above 4.30 bps/Hz at 60 km/h, confirming the solution’s re-
silience under Doppler-induced channel variations.
Although the proposed method demonstrates strong perfor-

mance even under user mobility and Doppler-induced chan-
nel variations, the RIS phase configuration is assumed to be
static and pre-optimized. This simplification omits potential
real-time reconfigurationmechanisms, whichmay be necessary
in scenarios with extremely fast channel variations or outdated
channel state information. Moreover, the current work focuses
on a single-user setup and does not address multi-user or multi-
RIS coordination, which are essential aspects for practical 6G
implementations.
Future directions include developing dynamic RIS adapta-

tion strategies that respond to real-time channel changes, en-
abling robustness under mobility and low-latency constraints.
Incorporating learning-based methods or feedback-driven con-
trol mechanisms could further enhance adaptability in environ-
ments with uncertainty or partial channel state information. Ad-
ditionally, integrating the approach into broader network-level
optimization frameworks-accounting for scheduling, resource
allocation, and multi-user fairness remains a promising direc-
tion for practical 6G deployment.
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