
Journal of Information and Intelligence xxx (xxxx) xxx
Contents lists available at ScienceDirect

Journal of Information and Intelligence
journal homepage: www.journals.elsevier.com/journal-of-information-and-

intelligence
Rate optimization using low complex methods with reconfigurable
intelligent surfaces

Saber Hassouna, Muhammad Ali Jamshed, Masood Ur-Rehman,
Muhammad Ali Imran, Qammer H. Abbasi *

James Watt School of Engineering, University of Glasgow, Glasgow G12 8QE, UK
A R T I C L E I N F O

Keywords:
Reconfigurable Intelligent Surfaces (RISs)
Orthogonal Frequency Division Multiplexing
(OFDM)
Data Rate Maximization
Semidefinite Relaxation (SDR)
Strongest Tap Maximization (STM)
Power Method
* Corresponding author.
E-mail addresses: s.hassouna.1@research.gla.ac

glasgow.ac.uk (M. Ur-Rehman), muhammad.imra

https://doi.org/10.1016/j.jiixd.2023.06.004
Received 23 January 2023; Received in revised f
Available online xxxx
2949-7159/© 2023 Published by Elsevier B.V. on
creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article as: S. Hassouna et al.,
Journal of Information and Intelligence, http
A B S T R A C T

With the help of a developing technology called reconfigurable intelligent surfaces (RIS), it is
possible to modify the propagation environment and boost the data rates of wireless communi-
cation networks. In this article, we optimized the phases of the RIS elements and performed a fair
power allocation for each subcarrier over the full bandwidth in a single-input-single-output (SISO)
wideband system where the user and the access point (AP) are provided with a single antenna. The
data rate or its equivalent channel power is maximized by proposing different low-complex al-
gorithms. The strongest tap maximization (STM) and power methods are compared with the
semidefinite relaxation (SDR) method in terms of computational complexity and data rate per-
formance. Runtime and complexity analysis of the suggested methods are computed and compared
to reveal the actual time consumption and the required number of operations for each method.
Simulation results show that with an optimized RIS, the sum rate is 2.5 times higher than with an
unconfigured surface, demonstrating the RIS's tremendous advantages even in complex configu-
rations. The data rate performance of the SDR method is higher than the power method and less
than the STM method but with higher computational complexity, more than 6 million complex
operations, and 50 min of runtime calculations compared with the other STM and power opti-
mization methods.
1. Introduction

The need for faster data rates has grown significantly and exponentially over the past few years. The proliferation of mobile phones
and the emergence of services that demand high data rates (such online gaming and video streaming) are the key factors that are
continually driving up this demand. Massive multiple-input-multiple-output (MIMO) and millimetre wave (mmWave) are enabling
technologies for future communication systems. These technologies can provide wide bandwidths combined with improved beam-
forming and spatial-multiplexing benefits from the antenna arrays to satisfy the requirements for increased data rates and accommodate
an increasing range of wireless equipments [1]. Despite having potentially large possible rate improvements, these technologies typi-
cally have higher hardware and power costs, necessitating a separate evaluation of the overall benefits of their application for each user
scenario. In addition, they are unable to directly control the propagation channel, whose randomness nature can occasionally limit the
effectiveness of these solutions.
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The use of RIS is a recent method that enhances the quality of wireless channels [2–4]. It enables the receiver to concentrate the
signal due to the combined impact of reflections from all RIS elements and the direct line-of-sight route between the transmitter and the
receiver. This combination produces a focused beam in a specific direction [5]. Unlike wireless repeaters and relays, RISs have unique
features such as configurability, no signal amplification requirements, and no need for complex processing, coding, and decoding
techniques [6].

1.1. Related work

The sum rate in RIS-enhanced multi-user MISO downlink communications was maximized by the authors in Ref. [7]. The power
allocation and the RIS reflection matrix were optimized alternatively using the majorization-minimization method by using the
zero-forcing precoding at the BS. The authors in Ref. [8] also looked at the issue of weighted sum rate maximization. Three iterative
techniques were developed for optimising the reflection coefficients in terms of various kinds of RIS reflection components within the
alternating optimization (AO) framework in order to produce the transmit beamforming. In Ref. [9], the authors first provide a workable
transmission protocol for estimating the channels in a MIMO-OFDM system via pilot training, and they then suggest an AO algorithm for
optimising the RIS phase shifts and power allocation matrix. The authors in Ref. [10] discuss the sum data increase with the presence of
mutual coupling in a SISO OFDM system and provide a simple method for channel estimation and RIS construction that includes realistic
reflection amplitudes and binary RIS phase shifts. In order to increase the attainable average sum rate in a RIS-enhanced multi-user
system, Ref. [11] presented a two-timescale transmission protocol as opposed to optimising the passive beamforming using the
instantaneous CSI. In Ref. [12], the authors used the AO approach to increase the achievable data rate of a multi-stream MIMO
communication system supported by RIS. Despite being a straightforward optimization technique to use, it may take several iterations to
converge.

The literature has suggested a number of alternative optimization techniques for increasing the data rates in RIS-assisted wireless
communication systems, which aims to identify a nearly ideal solution with tolerable computational complexity and run time. Heuristic
solutions, such as semidefinite relaxations (SDR) [13–20], strongest signal path maximization in time domain [3,21] and successive
convex approximations [9] are investigated by many authors in the literature. Applying the SDR and the successive convex approxi-
mation approaches require efficient optimization tools. Furthermore, the SDR needs Gaussian randomization methods to obtain the
rank-one suboptimal solution. Considerable effort has been devoted to developing sophisticated algorithms that can identify
high-quality solutions that are close to optimal. However, the computational complexity associated with these algorithms is often quite
high, making them prohibitively expensive in practical settings where a large number of RIS elements are present. It is precisely in such
situations that RIS is most valuable [22–24].

1.2. Contribution and organization of the paper

The contributions of this research are highlighted as follows.

�Wemaximize the data rate of the single-input-single-output (SISO) wideband system equipped with RIS surface and single antenna
for both Access Point (AP) and user equipment. We formulate a joint optimization problem of the subcarriers power allocations and
the phase shifts of the RIS elements. Then, we proposed an iterative power method to solve the non-convex problem resulting from
the unit-modular constraint on each RIS element. It is noted that for large surfaces the reflection coefficients can be estimated by
the column of the discrete Fourier transform (DFT) matrix [25]. We used the DFT beamforming codebook to select an
signal-to-noise ratio (SNR) maximizing configuration to be utilized in the proposed power method.

� To evaluate the performance of the power method in terms of the data rate and complexity computation, it is compared with the
SDR method. The SDR approach handles the nonconvexunit-modulus constraint by transforming the passive beamforming vector
into a rank-one and positive semidefinite matrix. The non-convex problem is transformed into a convex Semidefinite Program
(SDP) problem by utilizing the SDR technique, which may then be addressed by a variety of effective convex optimization tools.
The SDR method shows a higher performance data rate than the power method but at the cost of increased computational
complexity and runtime. However, it shows lower performance than the strongest tap maximization (STM) method. The STM
chooses a configuration that is good for channel tap rather than a subcarrier, when there exits a stronger a line-of-sight (LoS) path.

� The goal of this article is to demonstrate that the heuristic approaches like power and STM methods show significantly less
computational complexity than the famous SDR method and achieve comparable data rates as a state-of-the-art benchmark
scheme. The performance of all the methods is validated by comparing them with the upper bound of the system.

The rest of the paper is organized as follows. Section 2 presents the system and channel models. In Section 3, the data rate opti-
mization using different methods is studied. A problem formulation is presented and followed by proposing a solution using different
optimization methods. We computed the complexity and runtime for each method at the end of this section. The simulation results are
discussed in section 4 while the conclusion is given in section 5.

2. System model

A single antenna (transmitter) and a single user (receiver) are used in a SISO wideband system. As depicted in Fig. 1, a RIS with N
reconfigurable elements is taken into consideration inside the coverage area of the transmitter and receiver. An orthogonal frequency
2



Fig. 1. System setup illustration.
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division multiplexing (OFDM) is used for transmission. In the complex baseband domain, if s(k) is the transmitted discrete-time signal,
then the discrete-time received signal at the receiver can be written as [3]

y½k� ¼
XM�1

l¼0

hθ½l�s½k� l� þ e½k�; (1)

where, the wideband channel in the time-domain with the RIS configuration θ is represented as fhθ½l� : l ¼ 0; ⋅⋅⋅;M � 1g and
e½k�� N C

�
0; σ2

�
is the receiver noise. The hθ[l] is given by:

hθ½l� ¼ hd½l� þ uTl wθ; (2)

where, hd[l] and ul 2 CN are the AP-User uncontrollable direct channel and the AP-RIS-User controllable indirect channels via all RIS N
elements respectively. The reflection coefficients of all elements is described by wθ 2 CN . With K >M subcarriers and a length ofM � 1
cyclic prefix, an OFDM transmission is taken into consideration. As a result, a time domain signal with a block of K þ M � 1 is
transmitted to generate a block of OFDM signal with K of parallel subcarriers by using the DFT:

�y½ν� ¼ �hθ½ν��s½ν� þ �e½ν�; ν ¼ 0; ⋅⋅⋅;K � 1: (3)

The above equation (3) can be illustrated in vector form as follows:24 �y½0�
⋮

�y½K � 1�

35 ¼
24 �hθ½0�

⋮
�hθ½K � 1�

35�
24 �s½0�

⋮
�s½K � 1�

35þ
24 �e½0�

⋮
�e½K � 1�

35; (4)

where, � describes the hadamard product. The channel vector �hθ can be realized a function of wθ as per following:

�hθ ¼ F

2664 hd ½0� þ uT0wθ

⋮
hd½M � 1� þ uTM�1wθ

3775 ¼ Fðhd þ UTwθÞ; (5)

where, hd ¼ ½hd½0�; ⋅⋅⋅; hd½M � 1��T and U ¼ ½u0; ⋅⋅⋅; uM�1� 2 CN�M are the AP-User uncontrollable direct channel components and the AP-
RIS-User controllable indirect propagation channels respectively. The channel parameters will be defined later, in the channel model.

We assume that the channel models are known in the system. The (v, k)th element of the DFT matrix F 2 CK�M is e�
2πkv
K . The reflection

coefficients of the RIS that accounts for the effective phase shifts ðθ1; θ2; ⋅⋅⋅; θNÞ 2 ½�π; πÞ and amplitude coefficients
ðγ1; γ2; ⋅⋅⋅; γNÞ 2 ½0; 1� are included in the vectorwθ ¼ ½wθ1 ; ⋅⋅⋅;wθN �T 2 CN�1. The sum data transmission rate across K subcarriers, given a
specific RIS setup, assuming uniform power distribution and known channel at the receiving end, is expressed as

R ¼ B
K þM � 1

XK�1

v¼0

log2

 
1þ Pv

��f Hv hd þ f Hv UTwθ

��2
BNo

!
bit
s
; (6)

the channel bandwidth represented by B, the power allocated to the subcarrier v indicated by Pv, the number of channel taps referred to
asM, and the f Hv component, which corresponds to the vth row of DFTmatrix F. It is worth noting that the upper bound of equation (6) is
provided in Ref. [3]:
3
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R � B XK�1

log2

�
1þ Pv ���f Hv hd

��þ k f Hv UT k1
�2 �

; (7)

K þM � 1 v¼0 BNo

where, k⋅k1 is the L1 norm.

2.1. Channel model

The uncontrollable direct channel is given by Ref. [10]:

hd ¼
XLd
ℓ¼1

�
βd;ℓ
�1
2e�j2πfcτd;ℓ

24 sincð0þ Bðα� τd;ℓÞÞ
⋮

sincðM � 1þ Bðα� τd;ℓÞÞ

35; (8)

where, βd,ℓ is the ℓth pathloss from the AP to the user with Ld propagation paths as per Fig. 1, τd,ℓ is the delay of propagation and the
sampling delay over the shortest path is α. Similarly, the controllable indirect channel is presented as:

U ¼ PLa
ℓ¼1

PLb
ℓb¼1

�
βH;ℓβG;ℓb

�1
2e�j2πfcðτH;ℓþτG;ℓb Þ�a�ϕH;ℓ; ϑH;ℓ

� � a
�
ϕG;ℓ; ϑG;ℓb

� �2664
sincð0þ Bðα� τH;ℓ � τG;ℓÞ Þ

⋮

sincðM � 1þ Bðα� τH;ℓ � τG;ℓb Þ Þ

3775
T

; (9)

the paths La and Lb represent the propagation of signals from the AP to the RIS, and from the RIS to the users, respectively. The
attenuation of the combined indirect channel from the AP to the user via the RIS is denoted by βH,ℓ 	 0, and βG;ℓb 	 0, as depicted in
Fig. 1. The time delay for propagation along the paths to and from the RIS is τH,ℓ and τG;ℓb , respectively. The array response vector is

denoted by aðφ;ϑÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G ðφ; ϑÞp h

ejK ðφ;ϑÞTU1; ⋅⋅⋅; ejK ðφ;ϑÞTUN

iT
, where G ðφ;ϑÞ represents the directivity pattern of each element, and ϑ and

ϕ denote the elevation and azimuth angles, respectively. The wavenumber, K ðφ;ϑÞ ¼ 2π
λ ½cos ϑ cos φ; cos ϑ sin φ; sin ϑ�T , is also included

in the equation. The location of the mth element is represented by Um ¼ ½0; iðmÞ0:25λ; jðmÞ0:25λ�T , where iðmÞ ¼ mod ðm� 1;NhÞ and
jðmÞ ¼ bðm� 1Þ=Nhc correspond to the horizontal and vertical indices of element m. The modulus and truncate operations
are represented by mod(⋅, ⋅) and ⌊⋅⌋, respectively. Finally, the vertical and horizontal spacing between the elements is λ/4, where λ ¼
0.075 m.

3. The data rate optimization using different methods

A more challenging RIS optimization problem arises in the wideband scenario with K orthogonal subcarriers than in the narrow-
band case with a single subcarrier. Estimating the ideal vector wθ and fairly assigning the power to each subcarrier are necessary for
maximizing the data rate in Equation (6). In a one-bit RIS architecture, each RIS element can alternate between the phase shifts of 90 or
-90 degrees. The phase matrices can be created from the DFT columns of the beamforming codebook [25].

3.1. Beamforming 2D-DFT codebook

Finding the optimal configuration involves a lengthy analysis and is essentially impossible for large values of N because there are 2N

possible RIS configurations. In existing research, switching between N orthogonal configurations for a RIS with N reflecting elements
depends on accurate configurations. The structure of the optimal RIS phase shifts remains compatible with the 2D-DFT codebook for a
given incident and desired reflected angles [25]. Therefore, if an incoming signal is directed towards a particular beam, each column of
the codebook beamformer Wθ ¼ FðNvÞ
 FðNhÞ 2 CN�N , (where 
 represents the Kronecker product) may correspond to a potential
reflection configuration. As a result, for this codebook setup, the likelihood of obtaining a strong SNR configuration is significantly high.
The DFT matrices for the columns FðNvÞ and FðNhÞ can be denoted as:

FðNvÞ ¼

2666664
1 1 1 ⋯ 1

1 fNv f 2Nv
⋯ f Nv�1

Nv

⋮ ⋮ ⋮ ⋮ ⋮
1 f Nv�1

Nv
f 2ðNv�1Þ
Nv

⋯ f ðNv�1ÞðNv�1Þ
Nv

3777775; (10)

in this context, fNv ¼ e�j2π=Nv ¼ cosð2π=NvÞ� sinð2π=NvÞ). The variables Nv and Nh correspond to the number of vertical and horizontal
elements, respectively, within the RIS, as shown in Fig. 1. To fit the RIS design, the phase shifts produced by the codebook should be
quantized. Therefore, the reflection coefficient wθ for element i can be either ejπ/2 if arg

�½wθ�i
� 2 ½�π;0Þ or e�jπ/2 if arg

�½wθ�i
� 2 ½0;πÞ. We

looked through the codebookWθ to find the best configuration that will maximize the SNR in (11). The best phase configuration that can
be created from the codebook can be represented as wθCodeBook 2 Wθ. It is considered the standard or reference point for achieving the
maximum SNR:
4
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SNR ¼ P
���hθj2

: (11)

BNo

Algorithm 1 utilizes the optimal configuration with the highest SNR, which is determined by evaluating P across all numbers of
subcarriers.
Algorithm 1: Proposed power method for optimizing k�hθk2.
1: Input: wθCodeBook , Ω0, hequivalent.
2: Output: wθoptimized .

3: Select wθCodeBook from the codebook fWθg that gives the maximum SNR in (11) and set wθ ¼ wθCodeBook so, Ω0 ¼
�
1
wθ

	
.

4: Set n = 1
5: for n < maximum number of iterations do
6: Compute Hi ¼ hequivalent Ωi from the initial solution Ω0 and let the first entry Hi;1 ¼ signðH�

i;1Hi;1Þ to ensure that the direct path is always assigned to 1 and
unconnected with the RIS configurations. sign(⋅) is the signum function.

7: Set Ωiþ1 ¼ Hi and then quantize the current phases of all candidates ð½wθ �iÞ where i = 1, ⋅⋅⋅, N to be either fejπ=2 or e�jπ=2g if argð½wθ �iÞ 2 ½�π; 0Þ and argð½wθ �iÞ 2
½0; πÞ respectively.

8: Iterate until convergence
9: end for

10: After convergence wθoptimized is obtained.
11: Calculate the power allocation for subcarriers Pv as per (25).
12: Evaluate the data rate R in (6) by substituting wθ ¼ wθoptimized and the optimized Pv resulting from (25).
3.2. Problem formulation

The objective of this research is to enhance the sum rate received by the user by optimising the transmit power P and reflection
coefficient vector wθ across all the RIS elements. The optimization problem (OP1) can be formulated mathematically to represent the
problem of maximizing the sum rate:8>>>>><>>>>>:

ðOP1Þ: max
P;wθ

RðP;wθÞ ¼
XK�1

v¼0

log2

 
1þ Pv

��f Hv hd þ f Hv UTwθj2
BNo

!
;

s:t: ðC1Þ : j½wθ�ij ¼ 1; 8i 2 N; ðC2Þ : 1
K

XK�1

v¼0

Pv � P; ðC3Þ : Pv 	 0; 8v 2 K:

(12)

The first constraint (C1) confirms that there is no pathloss in the reflection of each RIS element. It is necessary to use unit magnitude
elements as RIS elements do not amplify or decode signals like relays. Constraint (C2) specifies that power allocations across all sub-
carriers must not exceed the power budget of the base station and should be 	 0, as indicated in constraint (C3). It is important to note
that the non-convexity of the (OP1) over the unit modular constraint (C1) for all RIS elements [9] is addressed by iteratively utilizing the
power method until convergence is achieved, leading to the optimal wθ that can impact all subcarriers. Furthermore, the power in
constraint (C2) is allocated to each subcarrier using the well-established water-filling algorithm.
3.3. Proposed solutions

3.3.1. Power method
In order to optimize the RIS phase shifts, we employ the power method to identify a low-complex solution. It determines the channel

power's dominating eigenvector. The channel power is given as follows:

k�hθk2¼
�
1
wθ

	H
|fflfflfflffl{zfflfflfflffl}

ΩH

½hd;UT �H ½hd;UT �|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
hequivalent

�
1
wθ

	
|fflffl{zfflffl}

Ω

: (13)

We consider that the channels hd and U are known at the receiver. To initiate the power method and optimize the quadratic form of the
channel k �hθk2, we select wθCodeBook from the codebookWθ 2 CN�N as shown in Algorithm 1. The power method determines the dominant

eigenvalue by iteratively computing Ωiþ1 ¼ hequivalent Ωi

khequivalent Ωik from the initial solution Ω0 ¼
�
1
wθ

	
, where we set wθ ¼ wθCodeBook , until

convergence, following the steps outlined in Algorithm 1.
5
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3.3.2. Semidefinite relaxation method
The vth (v ¼ 0, 1, ⋅⋅⋅, K � 1) subcarrier has a channel gain as follows:

k�hθk2¼
XK�1

v¼0

��f Hv hd þ f Hv U
Twθ

��2: (14)

The channel gain fluctuates as a function of the passive beamforming vector wθ. In order to increase the data rate in (6), we develop an
optimization problem, relying on (14), using beamforming reflection coefficient vectorwθ and fairly allocating the power over the entire
subcarriers. The optimization problem below is specifically reformulated as follows:

8>>>><>>>>:
ðOP2Þ : max

P;wθ

XK�1

v¼0

��f Hv hd þ f Hv U
Twθ

��2;
s:t: ðC1Þ: ��½wθ�i

�� ¼ 1; ðC2Þ: 1
K

XK�1

v¼0

Pv � P; ðC3Þ: Pv 	 0; 8v 2 K;

(15)

where unnecessary terms have been removed for the sake of clarity. Keep in mind that the sum channel gain maximization at the user is
the optimal value of (OP2). Through the use of the semidefinite relaxation approach, we are able to solve the problem (OP2) sub-
optimally. Thus, the (OP2) objective function of (15) is denoted as:

eU ¼
XK�1

v¼0

f Hv UU
H ; (16)

eu ¼
XK�1

v¼0

f Hv Uhd; (17)

eD ¼
XK�1

v¼0

��f Hv hd��2; (18)

where (OP2) is equivalent to: 8>>><>>>:
ðOP3Þ: max

wθ

wH
θ
eUwθ þ wH

θ euþ euHwθ þ eD
s:t:
��½wθ�i

�� ¼ 1;8i ¼ 1; 2;…;K;
1
K

XK�1

v¼0

Pv � P; pv 	 0; 8v 2 K:
(19)

Problem (OP3) is easily distinguishable as a non-convex quadratically constrained quadratic programme (QCQP) problem, which can be
rewritten as a homogeneous QCQP problem. In particular, by describing:

Q ¼
� eU eueuH 0

	
; ewθ ¼

�
wθ

t

	
; (20)

where, t is an auxiliary variable. Let us define ϕ ¼ ewθewT
θ with rank (ϕ) ¼ 1. Optimization Problem (OP3) is changed into the following

problem: (
ðOP4Þ: max

ϕ
trðQϕÞ þ eD;

s:t: ½ϕ�i;i ¼ 1;8i ¼ 1; 2;…;N þ 1;ϕ 	 0:
(21)

It is noted that due to the rank-one constraint, (OP4) is still not convex. As a result, We apply the SDR method to overcome the rank-one
constraint, transforming (OP4) into a convex SDP that can be solved effectively with the help of current convex optimization solvers like
CVX [26]. It is important to note that the ideal objective value of (OP4) acts as an upper bound on that of (OP2). However, the best
solution ϕ* to (OP4) might not be a rank-one answer. As a consequence, using the Gaussian randomization method, we produce the
following rank-one solution:

ϕ* ¼ ΛΣΛH (22)

whereΛ ¼ ½ρ1;…; ρNþ1� and Σ ¼ diagðα1;…;αNþ1Þ are unitary and diagonal matrices, respectively, bothwith the size of (Nþ 1)� (Nþ 1).

Then we obtain a suboptimal solution to (OP4) as ew*
θ ¼ ΛΣr where r 2 CðNþ1Þ�1 is a random vector generated according to r2 N Cð0; INþ1Þ

denoting the circularly symmetric complex Gaussian (CSCG) distribution with zero mean and covariance matrix INþ1. Finally, we achieve a

suboptimal solution to the issue (OP2) as w *
θ ¼ ej∠ð½ew *

θ �1:N=½ewθ �Nþ1 Þ.
6
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3.3.3. Strongest tap maximization method
According to STM, the received signal power should be concentrated in the time domain rather than distributed over the K sub-

carriers. Therefore, choosing a configuration that is suitable for a single channel tap is preferable to the one which is suitable for a single
subcarrier. This is especially valid if one of the LoS propagation paths is significantly more powerful than all other paths. It should be
noted that the total energy of the incoming signals, computed in the frequency domain, is the objective function in (15). The optimi-
zation Problem (OP2) is thus equivalent to the following problem:8><>: ðOP5Þ: max

wθ

XM�1

l¼0

hd ½l� þ vTl wθ;

s:t:
��½wθ�i

�� ¼ 1;8i 2 N:

(23)

Because practical wireless communication systems haveM≪ K, it should be noted that computing the objective function in (23) is more
effective than calculating it in (15). To start, we determine the vector wθ that increases the magnitude of every channel tap. We then
select the solution resulting in the largest magnitude with respect to the channel tap index l.

ℓopt ¼ arg max
ℓ2f0;…;M�1g

��hd½ℓ� þ uTℓωℓ

��2: (24)

Consequently, we obtain the following sub-optimal solution to the problem (OP2) as wθl ¼
h
ejðargðhd ½l�Þ�argð½ul �1 ÞÞ; ⋅⋅⋅; ejðargðhd ½l�Þ�argð½ul �N ÞÞ iT,

where the argument of a complex number is provided by arg(⋅) and the nth entry of ul is signified by ½uℓ�n. The phase of every component in
the inner product uTl ωl is rotated in this solution to line up with the phase of hd[ℓ].

3.3.4. Water-filling algorithm

All subcarriers P0, ⋅⋅⋅, PK�1 have a power distribution that satisfies P ¼ 1
K

PK�1

v¼0
Pv, where Pv ¼ E

n
j�s½v�j2

o
is the power assigned to

subcarrier v. The symbol E{⋅} represents the expectation operator. To determine the optimal amount of power assigned to each sub-
carrier, the water-filling algorithm [9] can be employed:

Pv ¼ max

 
η� BNo��f Hv hd þ f Hv UTwθ

��2; 0
!
; (25)

where, the parameter η	 0 is chosen to satisfy 1
K

PK�1
v¼0 Pv ¼ P. Consequently, the power allocated for vth subcarrier pv is dependent on the

water level parameter η and can be re-written as follows:

Pv ¼

8>>>><>>>>:
η� BNo��f Hv hd þ f Hv U

Twθ

��2 ; if η 	 BNo��f Hv hd þ f Hv U
Twθ

��2
0; if η <

BNo��f Hv hd þ f Hv U
Twθ

��2
: (26)

Thewater-filling algorithm is used to allocate the transmitted power fairly to all subcarriers in the different optimizationmethods, STM,
SDR, Power method and the casewhen the surface is unconfigured. In Fig. 2, we show how the water-filling algorithm allocates the 15watt
power for the entire number of subcarriers fairly taking into consideration the channel gain status. The black circles in the figure refer to the
amount of power allocated by the algorithm to some subcarriers taking into consideration their corresponding noise to signal ratio status.
3.4. Computational complexity

This section discusses the computational complexity of the proposed optimizationmethods for allocating fair power to all subcarriers
and tuning phases of the RIS. To estimate the Big-O ðO Þ complexity of these methods, we followed the same procedure as in Ref. [1]. The
complexity of the power method can be calculated by considering the steps in Algorithm 1. The algorithm requires (N þ 1)2 complex
multiplications for the term hequivalent, while the term hequivalent Ωi necessitates (Nþ 1) complex multiplications and phases quantization
demands N complex computations. Additionally, allocating power to all subcarriers requires 2(KM) complex multiplications. Thus, the
estimated overall complexity per iteration is denoted as O Power:

O Power ¼ O
��ðN þ 1Þ2 þ ðNþ 1Þ þ N

�
IR þ 2ðKMÞ�; (27)

where, IR represents the maximum number of iterations required to achieve the optimal data rate. The complexity of the SDR method
can be determined by calculating the complex operations of the following terms. The terms Q and ϕ in (20) require (N þ 1)2 complex
multiplications for each of them. The gaussian randomization method needs (N þ 1)4.5 complex multiplications to compute the best
solution ϕ*. Moreover, power allocation for all subcarriers, as per Fig. 2 SDR method, needs 2(KM) complex multiplications. Conse-
quently, the overall estimated complexity is given as O SDR:
7
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Fig. 2. Fair Power allocations for all subcarriers in STM method, SDR method, Power method and the case when the RIS surface is unconfigured.
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O SDR ¼ 2ðN þ 1Þ2 þ ðN þ 1Þ4:5 þ 2ðKMÞ : (28)

� �

The complexity in (28) meets with the computational complexities estimated in Refs. [9,13]. The complexity in Ref. [9] is O
�
NKISA þ

N4:5K3:5IT
�
where ISA denotes the number of iterations that the successive approximation requires and IT is the total time that is needed to

solve the problem during the successive convex approximation algorithm. Furthermore, the complexity is calculated as O ðN þ 1Þ4:5 in
Ref. [13]. Consequently, the complexity in (28) coincides with the results in Refs. [9,13] in terms of the complexity degree of O ðNÞ4:5.
Furthermore, the complexity for STM method is computed using the same procedure:

O STM ¼ O ððNÞþ 2ðKMÞÞ: (29)

The methods complexities are compared in Table 1. It is obvious from Table 1 that the SDR complexity is the highest in terms of
O ðNÞ4:5 while the STM is the lowest in terms of O ðNÞ and the power method is lying in between SDR and STM with Complexity O ðNÞ2.

4. Simulation results

We analyze the performance of our suggested approaches for increasing the RIS-aided SISO-OFDM system achievable data rate by
providing numerical results from Monte Carlo simulations. The simulation parameters are considered by using the 3GPP channel
model [27] and Table 2. In this study, we take into account an OFDM systemwith number of subcarriers K¼ 1000 and a more realistic
multi-path channel model with channel taps M ¼ 23 at random delays and an exponential power decay profile. The AP, user, RIS
locations coordinates in meter are shown in Fig. 1. We considered LoS channels between the AP-RIS-User indirect link as per Fig. 1, to
guarantee effective transmissions and large channel gains. However, the NLoS propagation is assumed between the AP and the user
direct link. We contrast the achieved data rate of the suggested methods with the system's upper bound. For Comparison with the
system upper bound, we consider the power method, SDR, STM benchmark schemes and the case when the surface is Un-configured
where we replaced the RIS with a passive metal sheet causing zero phase-shifts for the entire elements.

The data rate of the proposed methods is compared in Fig. 3 considering LoS channels between the AP-RIS-User indirect link as per
Fig. 1. The heuristic STM method outperforms both the SDR and the power methods while the data rate is the lowest in case of the
Table 1
Proposed methods complexities and qualities.

Method Complexity Objective Function Quality

Power O ðððN þ 1Þ2 þðN þ 1Þþ NIR þ 2(KM)) Equivalent Power of the channel Low complex and suboptimal solution

SDR O ðð2ðN þ 1Þ2 þ(N þ 1)4.5 þ2(KM)) Equivalent Power of the channel High complex and suboptimal solution

STM O ððNÞ þ 2ðKMÞÞ Equivalent Power of the channel Low complex and suboptimal

8
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unconfigured RIS (metal sheet). The achievable data rate is dramatically boosted up as the range of subcarriers increases. In comparison
to unconfigured RIS (metal sheet) configuration, the proposed approaches improve the sum data rate dramatically with an optimized
RIS because of the adjusted RIS coefficients that allow the direct and reflecting channels to be integrated at the receiver more effectively
and constructively. The power method shows the lowest data rate among the other methods however, it is a practical way to configure
the RIS surface by implementing the strongest SNR configuration selected from the Wθ codebook. The SDR method outperforms the
power method by optimising the quadratic form of the channel power, however, the STMmethod shows the highest achievable data rate
since it implements the dominant LoS in the composite AP-RIS-User channel.

Unlike the scenario in Figs. 3 and 4 incorporates the example when the path to the RIS encounters an NLoS, which sheds light on two
influences: There is no dominant path, and the path via the RIS is weaker. The upper bound and the unconfigured RIS surface (metal
sheet) are much closer together due to the weaker path through the RIS, whereas the absence of the dominating path leads to the
impossibility to identify a single RIS configuration that works for the total number of subcarriers. Fig. 4 results meet with Ref. [3] when
the authors demonstrated the same scenario for the STM method and the upper bound cases.

An important parameter that should be taken into account when investigating the data rate is the dimension of the RIS surface. The
RIS enhances the data rate and it increases further when the surface is large are per Fig. 5. We compare the achievable rate of different
schemes versus the number of RIS elements at SNR¼ 20 dB. It is clear that the rate performance of the un-configured surface (zero phase
shifts) scheme at the RIS is independent of the number of elements. However, the tuned RIS phase profiles in the other schemes (STM,
SDR and power method) enhanced the data rate with the increase number of RIS elements. The highest average data rate over the entire
bandwidth is shown when the number of elements on the surface is N ¼ 400, while the lower data rate is obtained at N ¼ 100 or less.

Another crucial factor that should be considered is the complexity and runtime. Table 1 reveals the complexity level for eachmethod.
The complexity in SDR method is O

�
N4:5

�
while it is very less in both power and STM methods, O

�
N2
�
and O ðNÞ respectively. We

illustrated the complexity level and the runtime consumption for each method in Figs. 6 and 7 respectively. We noticed that the SDR
method complexity is the highest (more than 6 millions of complex multiplications) with a runtime larger than 50 min, however, the
Table 2
Simulation parameters.

Parameter Value

Carrier frequency fc 4e9 Hz
Speed of light C 3e8 m/s
Wavelength λ 0.075 m
Total number of elements N 400
Number of horizontal elements Nh ¼ 64 20
Number of vertical elements Nv ¼ 64 20
Vertical and horizontal element spacing λ/4
AP location in meter, coordinates [x, y, z] ½40 �150 0 �T
User location in meter, coordinates [x, y, z] ½20 0 0 �T
RIS location in meter, coordinates [x, y, z] ½0 0 0 �T
Pathloss NLoS 34.53 þ 38 log10(d)
Pathloss LoS 30.18 þ 26 log10(d)
Channel taps M 23
Total number of subcarriers K 1000
Transmitted power P 15 W
Bandwidth B 15e6 Hz

Number of subcarriers

SDR method

Upper bound

STM method

Power method

Unconfigured RIS: Metal sheet

150

100

50

0
0 200 400 600 800 1000

Fig. 3. Comparison of data rate versus the number of subcarriers when considering LoS channel between the AP-RIS-User composite indirect link.
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complexity in the other two methods, STM and the power method, is less than the SDR with few minutes runtime consumption.
The above simulation results considered low finite resolution phase shift configurations. Two phase configurations (1-bit RIS) θn 2

{0, π} or

π
2;�π

2

�
are used to maximize the SNR at the user. It is preferable, for more realistic and practical scenarios in the design, to

select the phase shifts which are limited to a certain number of states. The higher resolutions necessitate complex RIS design with
different bias voltages dedicated for each state. For example, in 2-bit RIS scenario four phase configurations are required for each RIS cell
or element while the 3-bit RIS design switch over to eight-phase configurations. The channel gains βH,ℓ and βG;ℓb move along the unit
circle with these phase shifts configurations while the path βd,ℓ cannot be moved since it is the direct channel path as per Fig. 1.
Consequently, if 1-bit RIS design is considered then one should select 0 or π phase shift. If 0 phase shift is selected, then the gains βH,ℓ and
βG;ℓb will remain at the location where they are on the unit circle however, if π is chosen then the gains will move to the opposite side of
the circle. The key point is to shift theses signal gains βH,ℓ and βG;ℓb

in the same half-space of the unit circle as the direct channel gain so,
one can add all the terms

�
βd;ℓ; βH;ℓ and βG;ℓ

�
constructively. The same procedure can be repeated for higher resolutions of phases where

all the signals are added up in the same quadrant of the unit circle as the direct path. Therefore, higher phase resolutions are not required
as long as the signals can be added constructively without cancelling each other. An illustration is shown on the unit circle for two and
four finite phase resolutions when the RIS has two elements only for simplicity [3]. All the signals are gathered in the same half space in
the two configurations case while they are in the same quadrant in the four configurations case as per Fig. 8.

The finite phase resolutions for different bit-RIS designs are studied in the case of the STM scheme. The obtained results of the sum
data rate in case of higher-bit RIS are very close to the 1-bit and 2-bit RIS and this is expected since the path phases of the indirect
channels are aligned with the dominant LoS path of the direct channel gain in the STM method. Consequently, they are added up
constructively at the receiver and hence increase the SNR and the sum rate. However, choosing higher-bit RIS design increase the
complexity from O ððNÞþ2ðKMÞÞ to O ðð2NÞþ2ðKMÞÞ due to assigning more phases for each RIS individual element and the switching
Fig. 5. Comparison of data rates for different values of N.
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between of them to aim the direction of the beamforming towards the receiver. Furthermore, the increase in the computational
complexity O ð2NÞ instead of O ðNÞ is negligible and will increase the run time few seconds only. The challenge is clearly evident in the
RIS hardware when higher-bit RIS is required. Generally speaking, it is required more PIN or varactor diodes for each RIS cell or element
to achieve more states of phases so, it not recommended to complicate the design and increase the cost by selecting high-bit RIS while
Power SDR STM
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Fig. 7. Runtime consumption for each optimization method when N ¼ 400.

Fig. 8. (a). Two configurations: θn 2 {0, π}. (b). Four configurations: θn 2 {0, π, π/2, � π/2}.
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the 1-bit RIS phase profile can give comparable sum data rate performance. Fig. 9 shows the data rate for different bit RIS designs with
slight difference in the performance for the STM scheme when N ¼ 900 elements.

5. Conclusion

In this article, we showed that the RIS can be configured to provide significantly higher data rates, in comparison with a uniform
surface, e.g., metal sheets. The codebook approach was implemented to generate varieties of phase configurations for the RIS surface in
which we searched for the best configuration to be used in the optimization process. A problem formulation is described, and a solution
is presented using different optimization methods and the water-filling algorithm. The data rate which is produced by different methods
is compared with the upper bound. We noticed that all methods give performance near the upper bound, however, the data rate declines
with the decrease in the dimensional area of the surface (number of elements per dimension). In addition, we have proved that the STM
and the power methods are simple ways to configure the RIS with lower complexity and less runtime consumption. Selecting higher-bit
RIS phase resolutions enhances slightly the sum data rate but at the cost of the hardware and computational complexities. The 1-bit RIS
gives performance very close to the higher-bit phases which is enough to align the direct and the indirect paths constructively at the
receiver. The RIS is a promising technology and is predicted to have a significant contribution in the 6G networks so, the search for low
complex algorithms with reasonable data rate outcomes is crucial and necessary for realistic communications models.
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