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Abstract—Millimeter wave-based intelligent reflecting surface 

communications represent a promising technology enabling 6G 

networks. However, taking advantage of the bandwidth of 

millimeter wave and the characteristics of IRS leads to the 

problem of beam splitting, which makes the precise steering of the 

resulting beams at all frequencies complicated, resulting in large 

losses in array gain. This paper investigated the effect of millimeter 

wave beam splitting IRS systems and developed an IRS structure 

based on the sub-surface of its elements. The basic idea is to 

introduce time delay (TD) and phase shift units into the IRS 

elements to perform common phase and pre-delay modulation 

instead of traditional phase shift. Therefore, a wideband phase 

shift design is proposed, and delay precoding compensates for the 

losses in array gain due to beam splitting. Large antennas are used 

in the base station, resulting in double beam splitting. An analysis 

of the effect of the double beam splitting on array gain was 

presented, along with some solutions aimed at improving the 

performance of phase conditioning and delay coding in the base 

station and IRS. The simulation results show that the proposed 

design, which is based on phase shift and TD, effectively overcomes 

the challenge of beam splitting. The proposed design demonstrated 

a gain improvement of 94.5% compared to the conventional 

approach. The results showed that the use of phase shift TD phase 

shift (PTDP) resulted in a 54% increase in data rate compared to 

the conventional design in the beam splitting case at IRS. The use 

of only two-bit phase shifters in the proposed PTDP is sufficient 

for near-optimal performance of the system's ability to focus the 

signal in the desired direction through the precoding technique, 

through which the losses caused by beam splitting can be 

compensated. As observed by comparing the proposed PTDP-

based wideband precoding design with the conventional design, 

the results prove that the proposed design is capable of 

compensating for the array gain loss resulting from the double 

beam splitting effect occurring at both BS and IRS.  

  Index terms—Intelligent Reflecting Surface (IRS), mm-wave, 

beam split and phase shift. 

I. INTRODUCTION

Millimeter waves are the backbone of 5G and 6G wireless 

communication systems, thanks to their ability to exploit vast, 

unused frequency bands [1, 2].  
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Despite the great advantages of their high bandwidth, 

millimetre waves face great challenges in achieving wide 

coverage in real environments due to high propagation losses 

and the influence of obstacles in the environment [3, 4]. 

Compared to frequencies below 6 GHz, millimetre waves (mm-

Wave) are more susceptible to blockage due to their higher 

directivity. Previously, the coordinated multipoint (CoMP) 

technique was used to address signal weakness caused by long 

distance, attenuation or interference between multiple beams [5, 

6]. Currently, the intelligent reflecting surface (IRS) technique 

is used to address these problems [7]. IRSs are a promising and 

cost-effective solution. IRS is an intelligent surface used to 

modify the phase of the radio waves reflected from it, allowing 

control of the radiation direction [8]. Therefore, the application 

of IRS in millimetre wave communications makes it an ideal 

technology for 5G and beyond systems [9, 10]. IRS technology 

has aroused great interest recently, with current research 

focusing on aspects such as precoder design [11, 12], channel 

estimation [13, 14], and architectural design [15], with a main 

focus on narrowband applications. For example, RIS 

technology has been successfully applied in various 

communications systems to improve the quality of the received 

signal to the user [11]. The block coordinate descent algorithm 

was adopted as a tool to improve the system performance by 

adjusting the parameters in both the base station and the RIS, 

which increased the weighted sum rate [16].  

Much research has focused on studying the use of RIS 

technology in broadband communications systems, especially 

in the millimetre wave bands [17-21]. The researchers show that 

hybrid relay networks supported by intelligent reflecting 

surfaces, especially when using machine learning algorithms, 

achieve good performance in millimetre wave systems [22]. In 

millimetre wave systems that use large, intelligent reflecting 

surfaces, the use of conventional beam generation methods 

results in the beam being scattered in multiple directions at 

different frequencies, which increases the problem of beam 

splitting, which is more severe in this frequency range than 

beam squint [19, 23-27]. The paper [19] focused on addressing 

the beam-squinting problem in millimetre-wave 

communications-aided RIS. The paper [28] reviewed the 

potential of remote sensing systems to revolutionize millimetre 

wave communication and sensing systems, focusing on 

studying the behaviour of beam splitting and then analyzing the 

factors affecting system performance. 

 The study [29] presented solutions to the beam splitting 

problem in terahertz communication systems by proposing two
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designs of simultaneous transmit-receive intelligent 

reconfigurable reflective surface (STAR-RIS). 

This paper has proposed network performance improvements 

over mmWave environments by developing precoding and RIS 

techniques. Emphasis was placed on solving channel 

interference problems and extending RIS use in wide bands. 

These solutions therefore mark a significant development in 

overcoming the challenges to mmWave signals compared to 

earlier studies. 

The main contributions of this paper are: 

1. A reduction in the effects of beam splitting in 

intelligent, reflecting surfaces (IRS). An IRS design 

based on sub-layers with a finite number of TD units 

is proposed. Each element of the sub-array consists of 

a cascaded arrangement of two-phase converters and 

a common T.D. unit. The arriving signal is 

sequentially processed by these components, passing 

through phase shift 1, the TD unit, and phase shift 2. 

This design enables switching from conventional 

narrowband preceding based on the phase to 

wideband preceding that combines phase and delay, 

achieving a better balance between data rate and cost 

of the device. 

2. Frequency-dependent wideband precoding is 

designed based on the proposed surface structure, 

where the phases of the first layer of the sub-array are 

controlled to generate constructively interfering 

signals in the receiving elements, improving the 

quality of the received signal. The second layer is 

responsible for steering the beam toward the desired 

receiver at the carrier frequency. The common TD 

unit aligns the generated beams to the intended 

physical direction across all subcarriers. 

3. Large antenna arrays at the base station, where the 

effect of double beam splitting becomes critical, have 

also been studied. Beams originating from the base 

station take different paths at different subcarriers and 

the beams impacted and reflected from the base 

station are split into separate directions. The gain of 

the array was studied under line-of-sight dominance 

conditions, and the wide-range precoding design of 

the RIS and the base station was separated without 

loss of optimum solution. 

The remaining portions of this paper are arranged as follows: 

A thorough model of the signal and system is presented in 

section II. The impact of beam splitting on the IRS is analyzed 

in section III, while section IV presents the proposed IRS 

structure design and the analysis of this design. Section V 

includes Solving the effect of double beam splitting. The results 

and simulation have been explained in section VI, while section 

VII concludes the paper.   

Notations:  

𝐴𝑇: A new matrix was obtained by replacing the rows of 

matrix A with its columns. 

𝐴𝐻: A new matrix is obtained by taking the conjugate of the 

elements in 𝐴𝑇. 

|a|: the length of vector a. 

E[Z]: The random variable Z's anticipated average value. 

𝑈(𝑎, 𝑏) A probability distribution where all values between 

a and b are equally likely. 

⊗: A special multiplication operation between two matrices 

is called Kronecker multiplication. 

  ⊙: Another special multiplication operation between two 

matrices is called Hadamard multiplication. 

 𝑑𝑖𝑎𝑔(𝑎) : Is the diagonal matrix.  

 𝑏𝑙𝑘𝑑𝑖𝑎𝑔(𝑎): Represents the block diagonal matrix. 

 

II. SYSTEM AND SIGNAL MODEL 
 

This paper dealt with a millimetre wave communication 

system with the assistance of the IRS, as shown in Figure (1). 

The base station (BS) consists of a uniform linear array (ULA) 

with B antennas while the assistance of the IRS was used to 

transmit a signal to a single user; however, the model can also 

be applied to more than one user, if one user is taken for easy 

system analysis. 𝑁 =  𝑁1𝑁2 It is the division of the IRS's N-

element uniform planner array (UPA) into N1 and N2. Q 

subcarriers were used in orthogonal frequency division 

multiplexing (OFDM) to modulate user signals and reduce the 

wideband channel dispersion. The IRS was placed in the x-y 

plane. Where the BS was placed at (0,0), the IRS was at (0,25), 

and the user's location was (25,25).  

The received signal at the qth subscriber is given using the 

following equation [19]: 

 

𝑌𝑞 = (𝑣𝑞
𝑇ψ𝐺𝑞 + 𝐻𝑞⏟

𝐵𝑙𝑜𝑐𝑘𝑒𝑑

)𝑋𝑞 + η𝑞  

 
𝑌𝑞 = 𝑉𝑞

𝑇𝜓𝐺𝑞𝑋𝑞 + η𝑞                                                            (1) 
 

where Hq: the direct channel between the base station and the 

user that is blocked, 𝑉𝑞
𝑇: the channel between IRS and User [23] 

𝑉𝑞
𝑇 = [𝑉𝑞,1, 𝑉𝑞,2, … . . , 𝑉𝑞,𝑁] ∈  ℂ

1×𝑁 

 

𝜓 = 𝑑𝑖𝑎𝑔(𝜃) = 𝑑𝑖𝑎𝑔(𝑖𝑒𝑗𝜃1 , 𝑖𝑒𝑗𝜃2 , …… . , 𝑖𝑒𝑗𝜃𝑁)    (2) 

 

where ψ: The reflection coefficient of IRS, 𝑖 = 1 a constant 

reflection amplitude assumed at the IRS [8, 30],𝐺𝑞  ∈

 ℂ𝑁×𝐵presents the BS-IRS channel, 𝑋𝑞 = 𝑤𝑟𝑞 ∈  ℂ
𝐵×1  the 

transmitted signal at the base station, 𝑤 ∈  ℂ𝐵×1is the 

precoding vector, 𝑟𝑞 ∈  ℂ is the transmitted data at the qth 

subcarrier, which satisfies 𝔼[|𝑟|2] = 1, rq: it represented the 

Additive White Gaussian Noise (AWGN) with variance 𝜎2 and 

mean = 0 [31]. 

The reflecting surface is positioned to maintain a direct line 

of sight [32]. Therefore, the channel between BS and IRS is 

defined as [33-35]: 

 

𝐺𝑞 = 𝑔1(𝑓𝑞 , 𝑑a)𝑒
−𝑗2𝜋𝑓𝑞𝑡1𝑘(𝑓𝑞 , 𝛼1, 𝛽1) 𝑏

𝐻(𝑓𝑞 , ∅)      (3) 

 

where 𝑡1  ∈ ℛ
+ Represented the path delay,  𝑔1(𝑓𝑞 , 𝑑a)  ∈  ℂ 

denoted the path gain between the BS and IRS.  
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Fig. 1.  The IRS-assisted mm-wave communications system 

 

 

The 𝑞𝑡ℎsubcarrier frequency for ∀ 𝑞 = 1,… , 𝑄 is defined as 

[19, 36]:  

 

𝑓𝑞 = 𝑓𝑐 +
𝑓𝑠

𝑄
(𝑞 − 1 −

𝑄−1

2
)                                      (4) 

 

where 𝑓𝑐  and 𝑓𝑠 are the carrier frequency and bandwidth,  the 

spacing between the IRS elements = 𝜆
2
= 𝑐

2𝑓𝑐
, as well as the 

spacing of the antenna of BS is set 𝜆
2
,  𝑐 : represented the light 

speed. 

The elevation angle 𝛼1 and azimuth angle 𝛽1 represent the 

direction from which the signal arrives at the IRS. The 

transmission angle of the base station is denoted (∅). The 

following conditions constrain these angles: 𝛼 ∈

𝑈 (0,
𝜋

2
) , 𝛽 ∈ 𝑈(−𝜋, 𝜋)and ∅ ∈ 𝑈 (−

𝜋

2
,
𝜋

2
). The path gain 

between the BS and IRS is given by [33]: 

 

𝑔1(𝑓𝑞 , 𝑑a) =
𝑐

4𝜋𝑓𝑞𝑑a
𝑒
−𝜏(𝑓𝑞)𝑑a

2                                   (5) 

 

where 𝑑a It is the distance from BS to IRS, while  𝜏(𝑓𝑞) 

Representing the factor of medium absorption. 

𝑘(𝑓𝑞 , 𝛼1, 𝛽1) Is the IRS steering vector that is defined as [37, 

38]: 

 

𝑘(𝑓𝑞 , 𝛼1, 𝛽1) =
1

√𝑁
[1,… . , 𝑒

𝑗2𝜋𝑓𝑞
𝑐

(𝑁1−1)𝑑𝑠𝑖𝑛𝛼1𝑐𝑜𝑠𝛽1]

𝑇

 

⨂[1,… . , 𝑒
𝑗2𝜋𝑓𝑞

𝑐
(𝑁2−1)𝑑𝑠𝑖𝑛𝛼1𝑠𝑖𝑛𝛽1]

𝑇

                         (6) 

𝑏(𝑓𝑞 , ∅)  is the base station steering vector, which is  

expressed as [39] : 

 

𝑏(𝑓𝑞 , ∅) =
1

√𝐵
[1, … . , 𝑒

𝑗2𝜋𝑓𝑞

𝑐
(𝐵−1)𝑑𝑠𝑖𝑛∅]

𝑇

                       (7) 

In the same way, the channel between IRS and U is defined 

[40]: 

 

𝑉𝑞 = 𝑔2(𝑓𝑞 , 𝑑𝑏) 𝑒
−𝑗2𝜋𝑓𝑞𝑡2𝑘(𝑓𝑞 , 𝛼2, 𝛽2)                 (8) 

 

where 𝑡2  ∈ ℛ
+ represented the path delay,  𝑔2(𝑓𝑞 , 𝑑𝑏)  ∈  ℂ 

denoted IRS-U channel's path gain, 𝛼2 and  𝛽2 the Angle of 

Departure's (AoD) azimuth and elevation angles 𝑔2(𝑓𝑞 , 𝑑b) can 

be given [28]: 

 

     𝑔2(𝑓𝑞 , 𝑑𝑏) =
𝑐

4𝜋𝑓𝑞𝑑𝑏
𝑒
−𝜏(𝑓𝑞)𝑑𝑏

2                                          (9) 

                                 

where 𝑑𝑏: The distance between the IRS and the user. The array 

gain at the qth subcarrier is expressed in terms of the system 

model [29]: 

 

𝔾(𝑓𝑞)= |𝑉𝑞
𝑇ψ 𝐺𝑞𝑤| 

=|𝑔1(𝑓𝑞 , 𝑑a)𝑔2(𝑓𝑞 , 𝑑b)𝑒
−𝑗2𝜋(𝑡1+𝑡2)𝑓𝑞|. 

|𝑘𝑇(𝑓𝑞 , 𝛼2, 𝛽2). ψ. 𝑘(𝑓𝑞 , 𝛼1, 𝛽1)𝑏
𝐻(𝑓𝑞 , ∅)𝑤 |                     (10) 

 

III.  ANALYSIS OF BEAM SPLITTING 

 

The effect of beam splitting and array gain analysis on IRS 

was considered. Depending on equation (10), the IRS's 

normalized array gain at qth subcarrier was defined as [23, 29]: 

 

𝔾𝑅𝐼𝑆(𝑓𝑞)= |𝑘𝑇(𝑓𝑞 , 𝛼2, 𝛽2)ψ 𝑘(𝑓𝑞 , 𝛼1, 𝛽1)𝑏
𝐻(𝑓𝑞 , ∅) | 

𝔾𝑅𝐼𝑆(𝑓𝑞) =
1

𝑁
|∑ ∑ 𝑒𝑗𝜋𝑚[𝑛1(𝒶1+𝒶2)+𝑛2(𝜗1+𝜗2)]

𝑁2−1

𝑛2=0

𝑁1−1

𝑛1=0

 |. 

𝑒𝑗𝜃ℓ                                                                                             (11) 
 

where,ℓ = 𝑁2𝑛1 + 𝑛2 + 1, 𝒶1 = 𝑠𝑖𝑛𝛼1𝑐𝑜𝑠𝛽1,𝜗1 =
𝑠𝑖𝑛𝛼1𝑠𝑖𝑛𝛽1 , 𝒶2 = 𝑠𝑖𝑛𝛼2𝑐𝑜𝑠𝛽2 , 𝜗2 = 𝑠𝑖𝑛𝛼2𝑠𝑖𝑛𝛽2 ,𝑁 = 𝑁1𝑁2 

, 𝑚 =
𝑓𝑞

𝑓𝑐
 represented the relative frequency. The vector of 

beamforming for the IRS was determined using the carrier 

frequency of the transmitted signal as [29]: 

 

𝜃ℓ = −𝜋[𝑛1(𝒶1 + 𝒶2) + 𝑛2(𝜗1 + 𝜗2)]                        (12) 

 

It should be noted that the 𝑔1(𝑓𝑞 , 𝑑𝑎) and 𝑔2(𝑓𝑞 , 𝑑𝑏) is 

unaffected, the normalized array gain (𝔾𝑅𝐼𝑆(𝑓𝑞)). Equation 

(11) can be expressed more concisely as [23, 29]: 

 

𝔾𝑅𝐼𝑆(𝑓𝑞) = 
1

𝑁
|∑ ∑ 𝑒𝑗𝜋(𝑚−1)[𝑛1(𝒶1+𝒶2)+𝑛2(𝜗1+𝜗2)]

𝑁2−1
𝑛2=0

𝑁1−1
𝑛1=0

 |                   (13) 

 

   𝔾𝑅𝐼𝑆(𝑓𝑞) =
(𝑖)
𝔽𝑁1((𝑚 − 1)(𝒶1 + 𝒶2))  

𝔽𝑁2((𝑚 − 1)(𝜗1 + 𝜗2))                                             (14) 

 

Base station (BS) 

Blocked 

IRS with N elements 

  

User 
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where (i)  comes from ∑ 𝑒𝑗𝑛𝜋𝑥𝑁−1
𝑛=0 =

𝑠𝑖𝑛
𝑁𝜋𝑥

2

𝑠𝑖𝑛
𝜋𝑥

2

𝑒
−𝑗𝜋(𝑁−1)𝑥

2  and 

𝔽𝑁 =
𝑠𝑖𝑛

𝑁𝜋𝑥

2

𝑁𝑠𝑖𝑛
𝜋𝑥

2

   is the Dirichlet Sinc Function [39]. 

The combination of wide bandwidth and a massive number 

of IRS elements can result in a significant reduction in array 

gain due to the beam-splitting effect. This combination 

diminishes the expected advantages of deploying IRS 

technology in mm-wave communications. A wide band 

precoding that jointly controls phase and delay is proposed to 

reduce the effect of beam splitting. 

 

IV.  IRS STRUCTURE DESIGN 
 

This paper presented a Sub-surface phase shift-TD-phase 

shift (PTDP) structure for IRS to mitigate hardware cost 

compared to the existing conventional IRS structure (Fig. 2. 

(a)). The IRS structure depicted in Figure 2(b) [15, 39] 

incorporates a TD module for each element, allowing for 

frequency-selective precoding. This approach effectively 

addresses the beam-splitting issue. However, TD modules 

consume more power and are more expensive to implement 

than phase shifters. The sub-surface delay-phase structure used 

for base stations in the paper [39] cannot be directly applied to 

IRS, as it would lead to destructive interference due to the 

common T.D. module. The proposed structure (Fig. 2(c)) uses 

two-layer phase shifters for every sub-array element linked to a 

shared TD. The initial phase shifter layer in the subarray creates 

a constructive superposition of signals. The TD module then 

adjusts the timing of these signals, and the second-layer phase 

shifter steers the resulting beam in the desired direction. The 

PTDP-based IRS structure was implemented using a 

configuration consisting of two smaller antenna patches, each 

equipped with two layers of phase shifters. Since low-resolution 

phase shifting is not limited to the traditional TD in terms of 

economic necessity, it reduces hardware costs and energy 

consumption [41]. 

For the IRS-assisted mm-wave technology, it was assumed 

that the IRS is divided into 𝑆 =  𝑆1𝑆2 sub-arrays, where every 

sub-array is linked to a time-delay (T.D.) unit. Each sub-array 

consists of 𝑃 = 𝑃1𝑃2 elements, where 𝑃1  =  
𝑁1
𝑆1

 and 𝑃2 =
𝑁2
𝑆2

. 

The values of P1 and P2 were designed to be integers. For 

simplicity, it represented the parameter of the sub-arrays as 

𝑠1 =  1, … , 𝑆1, and 𝑠2  =  1, … , 𝑆2. Similarly, the parameter of 

the elements within every sub-array was represented as 𝑝1  =
 1, … , 𝑃1, and 𝑝2  =  1, … , 𝑃2. 

After the structure was changed and divided into subarrays, 

the channel equations (3 and 8) must be reformulated, and the 

BS-IRS channel is represented as [29]: 
 

𝐺𝑞 =
𝑔1(𝑓𝑞,𝑑𝑎)

√𝑁
𝑒−𝑗2𝜋𝑓𝑞𝑡1 𝑒𝑗𝜋𝑚(𝑛1𝒶+𝑛2𝜗)⏟        

𝑠𝑡𝑒𝑒𝑟𝑖𝑛𝑔 𝑚𝑎𝑡𝑟𝑖𝑥

                    (15) 

 

and the IRS-U channel is  

 

𝑉𝑞 =
𝑔2(𝑓𝑞,𝑑𝑏)

√𝑁
 𝑒−𝑗2𝜋𝑓𝑞𝑡2𝑒𝑗𝜋𝑚(𝑛1𝒶+𝑛2𝜗)                        (16) 

 

where 𝒶 = 𝑠𝑖𝑛𝛼𝑐𝑜𝑠𝛽, 𝜗 = 𝑠𝑖𝑛𝛼𝑠𝑖𝑛𝛽,  𝑛1 = 𝑠1𝑃1 + 𝑝1, 𝑛2 =
𝑠2𝑃2 + 𝑝2. 

 

 

 

 

 

 

 

(a) 

 

 

 
 

 

 
 

 

 
 

 

 
(b) 
 

 

  
(c) 

 

Fig. 2. The IRS Structure of: (a) The Traditional IRS (b) The TD-phase 
structure-based IRS (c) Proposed PTDP structure-based IRS 

 

 

As defined in equations (15) and (16), the channels 𝐺𝑞  and 

𝑣𝑞  Are partitioned into submatrices. Specifically, 𝐺𝑞
𝑠 

Represents the channel to the sth sub-array of the IRS. Let 

TD 𝑡𝑠  ∈ ℛ
+ , ψ1

𝑠 the phase shift in the layer 1, ψ2
𝑠  the phase 

shift in layer 2 associated with the sth subarray, and 𝑠 =

𝑠2𝑆1 + 𝑠1 + 1. The TD vector (𝛵𝑞) Of the IRS elements 

were represented as [23]: 

 

    𝛵𝑞 = 𝑒
−𝑗2𝜋𝑓𝑞𝑡,𝑡 = [𝑡1, 𝑡2, … , 𝑡𝑠, … . 𝑡𝑆1𝑆2]

𝑇
      (17) 

 

The signal received by the User after passing through the 

second phase-shifting layer is represented as [23] 

 

 𝒴2,𝑞
𝑠 = ∑ (𝑉𝑞

𝑠𝑄
𝑞=1 ⊙𝜓2

𝑠𝛵𝑞
𝑠𝒴1,𝑞

𝑠 )                                      (19) 

 

. 

. 

. 

patch Phase 
shift 

TD 

patch 

Phase 
shift 

patch 
Phase 
shift 

TD 
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Based on equations (18) and (19), the array gain of the sth 

subarray of IRS, when operating at the qth subcarrier, was 

represented by the following equation [29]: 

 

 𝔾𝑠(𝛵𝑞
𝑠, 𝑓𝑞) = |∑ (𝑉𝑞

𝑠⊙ [ψ2
𝑠𝛵𝑞

𝑠 . ∑ (𝜓1
𝑠⊙𝐺𝑞

𝑠)𝑄
𝑞=1 ])𝑄

𝑞=1  |    (20) 

 

Equation (20) forces that introducing additional TDs and 

phase shifts as proposed design parameters enables the 

presented PTDP structure to achieve high array gains across 

different subcarriers, thereby mitigating the effect of the beam 

splitting. 

The performance of the PTDP-based IRS in terms of array 

gain was evaluated, and a novel wideband precoding technique 

was proposed to mitigate the detrimental effects of beam 

splitting. According to equation (20), the array gain of the IRS 

for the qth subcarrier was calculated [23]:                           

 

𝔾(𝛵𝑞
𝑠, 𝑓𝑞) = 

|∑ ∑ {∑ (𝑉𝑞
𝑠⊙ [𝜓2

𝑠𝛵𝑞
𝑠 . ∑ (𝜓1

𝑠⊙𝐺𝑞
𝑠)𝑄

𝑞=1 ])𝑄
𝑞=1 }

𝑆2
𝑠2=1

𝑆1
𝑠1=1

 |     (21) 

 

The presented wideband precoding design leverages the 

PTDP structure to maximize the IRS array gain, which can be 

formulated as [23] 

 

𝑚𝑎𝑥
𝜓1,𝜓2,𝑡

1

𝑄
∑ 𝔾(𝛵𝑞

𝑠, 𝑓𝑞)
𝑄
𝑞=1                                                        (22) 

 

The presented design of PTDP-based wideband precoding 

achieves better performance at qth subcarrier if and only if 

conditions (23) to (25) are met [23, 42].  

 

𝑡𝑠 =
1

2𝑓𝑐
[
((𝑠1 − 1)𝑃1 −

(𝑃1−1)

2
) (𝒶1 + 𝒶2) +

((𝑠2 − 1)𝑃2 −
(𝑃2−1)

2
) (𝜗1 + 𝜗2)

]        (23) 

 

 

𝜓1
𝑠(𝑝1, 𝑝2) = 𝑒

−𝑗𝜋(𝑝1𝒶1+𝑝2𝜗1)                                    (24) 

 

𝜓2
𝑠(𝑝1, 𝑝2) = 𝑒

−𝑗𝜋(𝑝1𝒶2+𝑝2𝜗2)                                         (25) 

 

The TD (𝑡𝑠), phase shift in layer 1(ψ1
𝑠) and phase shift in 

layer 2 (ψ2
𝑠). As equation (18) results in a scalar value, 

optimizing equation (22) is equivalent to independently 

maximizing equations (18) and (19). 

The (𝑝1, 𝑝2)-th element of the sth partitioned matrices of 𝐺𝑞  

Was represented as [23]:  

 

𝐺𝑞(𝑝1,𝑝2)
𝑠 =

𝑔1(𝑓𝑞 , 𝑑𝑎)

√𝑁
 𝑒−𝑗2𝜋𝑓𝑞𝑡1𝑒𝑗𝜋𝑚(𝑛1𝒶1+𝑛2𝜗1) 

 

=
𝑔1(𝑓𝑞,𝑑𝑎)

√𝑁
 𝑒−𝑗2𝜋𝑓𝑞𝑡1𝑒𝑗𝜋𝑚(𝑠1𝑃1𝒶1+𝑠2𝑃2𝜗1). 𝑒𝑗𝜋𝑚(𝑝1𝒶1+𝑝2𝜗1)  (26) 

 

The phase shifts for the first layer are calculated by finding 

the values of ψ1
𝑠that maximizes the sum of the product of ψ1

𝑠 

and 𝐺𝑞
𝑠 Overall values of q. 

The term 𝑒−𝑗2𝜋𝑓𝑞𝑡1 With a magnitude of 1 can be ignored, 

leading to the following expression [42]: 

  ∑𝜓1
𝑠⊙𝐺𝑞

𝑠 

 

 =
𝑔1(𝑓𝑞,𝑑𝑎)

√𝑁
 𝑒𝑗𝜋𝑚(𝑠1𝑃1𝒶1+𝑠2𝑃2𝜗1). ∑ ∑ 𝑒𝑗𝜋(𝑚−1)(𝑝1𝒶1+𝑝2𝜗1)

𝑃2
1

𝑃1
1  

 

 =
𝑃1𝑃2𝑔1(𝑓𝑞,𝑑𝑎)

√𝑁
𝑒𝑗𝜋𝑚(𝑠1𝑃1𝒶1+𝑠2𝑃2𝜗1). 𝑒

𝑗𝜋(𝑚−1)(𝑃1−1)𝒶1
2 . 

 

 𝑒
𝑗𝜋(𝑚−1)(𝑃2−1)𝜗1

2 . 𝔽𝑃1((𝑚 − 1)𝒶1). 𝔽𝑃2((𝑚 − 1)𝜗1)          (27) 

 

By substituting (𝒶1, 𝜗1) with (𝒶2, 𝜗2), it concluded 

 𝜓1(𝑝1,𝑝2)
𝑠 and the sum of (𝑉𝑞

𝑠⨀  𝜓2
𝑠 ). The normalized array gain 

can be calculated by substituting the derived formulas into 

equation (21) [29, 42]. 

  

  𝔾(𝛵𝑞
𝑠, 𝑓𝑞) =

𝑃1
2𝑃2
2

𝑁1𝑁2
| 𝔽𝑃1((𝑚 − 1)𝒶1)𝔽𝑃2((𝑚 − 1)𝒶2). 

 

  𝔽𝑃1((𝑚 − 1)𝜗1)𝔽𝑃2((𝑚 − 1)𝜗2) 

 

∑ ∑

(

 
 
 
 

𝑒−𝑗2𝜋𝑓𝑞𝑡𝑠 . 𝑒

𝑗𝜋𝑚

[
 
 
 
 ((𝑠1−1)𝑃1−

(𝑃1−1)

2
)(𝒶1+𝒶2)

+((𝑠2−1)𝑃2−
(𝑃2−1)

2
)(𝜗1+𝜗2)

]
 
 
 
 

)

 
 
 
 

𝑆2
1

𝑆1
1        (28) 

  

Equation (30) depends on 𝑓𝑞. To mitigate beam splitting 

across all subcarriers 𝑡𝑠 It should be derived to maximize 

equation (30) by ensuring constructive interference and this 

requires satisfying [23]. 

 

(𝑒−𝑗2𝜋𝑓𝑞𝑡𝑠 . 𝑒
𝑗𝜋𝑚[((𝑠1−1)𝑃1−

(𝑃1−1)
2

)(𝒶1+𝒶2)+((𝑠2−1)𝑃2−
(𝑃2−1)
2

)(𝜗1+𝜗2)]
) 

 = 1. 

  

The value 𝑡𝑠  Ensures accurate alignment of the beams with 

the desired physical direction throughout the bandwidth. In 

addition, 𝜓1
𝑠 It can create superimposed constructive 

interference signals that can be received from different elements 

in the subarray. Furthermore, 𝜓2
𝑠 It is responsible for steering 

the beam to the user(U) at the carrier frequency. The normalized 

array gain of the PTDP-based IRS 𝔾(𝑇𝑞 , 𝑓𝑞) Was calculated 

using the following equation [23]: 

 

𝔾(𝛵𝑞
𝑠, 𝑓𝑞) =

𝑆1𝑆2𝑃1𝑃2
𝑁

| 𝔽𝑃1((𝑚 − 1)𝒶1)𝔽𝑃2((𝑚 − 1)𝒶2). 

  𝔽𝑃1((𝑚 − 1)𝜗1)𝔽𝑃2((𝑚 − 1)𝜗2)|                                    (29) 

 

Algorithm 1 shows the steps of beamforming of PTDP. The 

difference between Ideal Phase Shift and PTDP Phase Shift, the 
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first is computed directly based on the frequency and index of 

the IRS element. However, the second includes a delay 

component adjusted for sub-arrays and phase shifts from sub-

array layers. Based on equation (12), the optimal beamforming 

vector for the IRS must vary with frequency[19]: 

 

𝜃𝑜𝑝𝑡,ℓ = −𝜋𝑚[𝑛1(𝒶1 + 𝒶2) + 𝑛2(𝜗1 + 𝜗2)]           (30) 

                       
ALGORITHM 1: PROPOSED PTDP BEAMFORMING 

Input: The angles (𝛼1),( 𝛽1) of (AoA)of the IRS, (𝛼2) and ( 𝛽2) of (AoD) of 

the IRS,  

Initialization:  

1. Compute 𝒶1 = 𝑠𝑖𝑛𝛼1𝑐𝑜𝑠𝛽1, 𝜗1 = 𝑠𝑖𝑛𝛼1𝑠𝑖𝑛𝛽1 , 𝒶2 =
𝑠𝑖𝑛𝛼2𝑐𝑜𝑠𝛽2 , 𝜗2 = 𝑠𝑖𝑛𝛼2𝑠𝑖𝑛𝛽2. 

2. Compute equation (23) 

3. Compute the equations (24) and (25) 

Output: The array gain in equation (26) 

 

V.  ANALYSIS OF DOUBLE BEAM SPLITTING EFFECT  

 

Massive MIMO is implemented at the base station, thus 

showing the double beam splitting. By analyzing the gain of the 

array, the common wideband precoding of IRS and BS is 

separated to facilitate the solution. Figure 3 shows that the 

beams emitted from the base station are split into different 

directions for each subcarrier, which complicates the process of 

aligning them with the IRS. Additionally, the reflected and 

bounced beams scatter in different directions, making it 

difficult to accurately direct them toward the base station and 

the receiver. Therefore, it leads to severe double array gain loss 

in the IRS-assisted mm-wave communication system. From 

equation (10), The array gain was expressed as [23, 29] 

 

𝔾(𝑓𝑞)= |𝑉𝑞
𝑇ψ𝐺𝑞𝑤|  

 

=|𝑔1(𝑓𝑞 , 𝑑a)𝑔2(𝑓𝑞 , 𝑑b)|. 

 

|𝑘𝑇(𝑓𝑞 , 𝛼2, 𝛽2)ψ 𝑘(𝑓𝑞 , 𝛼1, 𝛽1)𝑏
𝐻(𝑓𝑞 , ∅)𝑤 | 

 

= |𝑔1(𝑓𝑞 , 𝑑a)𝑔2(𝑓𝑞 , 𝑑b)|𝔾𝑅𝐼𝑆(𝑓𝑞)𝔾𝐵𝑆(𝑓𝑞)              (31) 

 

𝔾𝑅𝐼𝑆(𝑓𝑞) and 𝔾𝐵𝑆(𝑓𝑞) Represented the normalized array gain 

of IRS and base station, respectively. 

Analogous to equation (11), the normalized array gain of the 

BS is expressed by [23]: 

 

𝔾𝐵𝑆(𝑓𝑞) = |𝑏
𝐻(𝑓𝑞 , ∅)𝑤 |                                                   (32) 

 

The joint wideband precoding problem of maximizing 

𝔾(𝑓𝑞)can be decomposed into two separate optimization 

problems: maximizing 𝔾𝑅𝐼𝑆(𝑓𝑞)and maximizing 𝔾𝐵𝑆(𝑓𝑞). This 

approach allows for independent optimization of the wideband 

precoding at the base station and the IRS. In other words, the 

effect of double beam splitting was analyzed into two separate 

components, allowing for the decoupling of the joint wideband 

precoding design. This simplification does not compromise 

optimality. Specifically, the proposed PTDP-based wideband 

precoding design addresses the beam split issue at the IRS. 

Beam splitting at the base station (BS) can be solved in a 

manner akin to the wideband precoding design based on PTDP. 

Specifically, the Angle of Arrival and Angle of Departure of the 

IRS are simplified to the transmit angle of the BS (∅), and the 

UPA is simplified to the ULA with (𝐵) Antennas. 

 

 
 

Fig. 3. Scenario of the effect of double beam splitting at BS and IRS 

 

The base station was assumed to be divided into D subarray, 

and each joined to a TD unit. Define 𝑡𝐷
𝐵𝑆 ∈ ℛ+ the TD and 

𝑤𝑢,𝐷 As the matrix of phase shifting associated with the dth 

subarray at the base station. Therefore, at the qth subcarrier, the 

transmit precoding of BS was computed [23]: 

 

𝑊𝑞 = 𝑤𝑢𝑇𝑞
𝐵𝑆 = 𝑏𝑙𝑘𝑑𝑖𝑎𝑔([𝑤𝑢,1, 𝑤𝑢,2, … . . , 𝑤𝑢,𝐷]). 

 

𝑒−𝑗2𝜋𝑓𝑞[𝑡1
𝐵𝑆, 𝑡2

𝐵𝑆, …… . , 𝑡𝐷
𝐵𝑆]𝑇                                         (33) 

 

[𝑤𝑢,1
𝑇 , 𝑤𝑢,2

𝑇 , … . . , 𝑤𝑢,𝐷
𝑇 ]

𝑇
= 𝑏(𝑓𝑐, ∅)                              (34) 

 

The steering vector of the ULA is denoted by b in equation 

(7). The steps of the proposed PTDP-based wideband precoding 

algorithm were provided in Algorithm 2. 

 
ALGORITHM 2: PROPOSED PTDP-BASED WIDEBAND PRECODING 

Base station (BS) 

Blocked 

IRS with N elements 

  

User 
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Input: The angles (𝛼1),( 𝛽1) of (AoA)of the IRS, (𝛼2), ( 𝛽2) of (AoD) of 

the IRS, and the angle at BS (∅) 

Initialization:  

1. Compute 𝒶1 = 𝑠𝑖𝑛𝛼1𝑐𝑜𝑠𝛽1, 𝜗1 = 𝑠𝑖𝑛𝛼1𝑠𝑖𝑛𝛽1 , 𝒶2 =

𝑠𝑖𝑛𝛼2𝑐𝑜𝑠𝛽2 , 𝜗2 = 𝑠𝑖𝑛𝛼2𝑠𝑖𝑛𝛽2. 

2. Compute the TD( 𝑡𝑠). 

3. Compute the phase shifts (ψ1
𝑠) and (ψ2

𝑠) 
 

Output:  Compute BS transmit precoding 𝑊𝑞 

 

VI.  RESULTS OF SIMULATION  
 

The IRS-assisted millimetre wave communication system 

described in Sections III and IV and shown in Figure 1 was 

simulated using the specified parameters shown in Table I. The 

channel state information (CSI) is assumed to be completely 

known [11], which is obtained using the algorithms mentioned 

in [13, 14].  

 
TABLE I 

PROPOSED PARAMETERS IN THE SIMULATION  

Parameter  Definition Value 

𝑑𝑎 Distance between BS and IRS  25m 

𝑑𝑏 Distance between the IRS and the user 25m 

N Number of IRS elements (𝑁1 × 𝑁2) 64×64 

S sub-arrays in IRS 16 ×16 

Q Number of subcarriers 128 

𝑓𝑐 Carrier frequency  28GHz 

𝑓𝑠 Bandwidth  2GHz 

B Number of antennas at BS 1 

𝛼1 The elevation angle of (AoA)of the IRS 
𝜋

4
 

𝛽1 The azimuth angle of (AoA)of the IRS 
𝜋

2
 

𝛼2 The elevation angle of (AoD) 
𝜋

4
 

𝛽2 The azimuth angle of (AoD) 0 

 

A fixed elevation angle and a fixed azimuth angle are 

defined, which represent a specific physical direction where the 

array gain reaches its maximum. Figure 4 shows, in a 2D 

representation, the relationship between the array gain and the 

elevation and azimuth angles separately. The beam produced at 

the carrier frequency fc was used as a reference for comparison 

and then compared to the beams produced at other frequencies 

(𝑓𝑏1and 𝑓𝑏2). It was found that the beams at the edges of the 

band deviate significantly from the desired direction.  

Figure 5 shows how the array gain changes when it changes 

the frequency of the subcarriers. Increasing the number of 

frequencies used also leads to a loss in matrix gain. As a result, 

a large increase in bandwidth results in a significant loss of gain, 

which reduces the benefits of using IRS technology. Figure 6 

shows the relationship of the normalized array gain for different 

numbers elements of IRS. The more elements of IRS there are, 

the more loss there is in the array gain. Figure 7 clearly 

demonstrates the ability of the proposed PTDP system to direct 

beams generated at various frequencies with high accuracy. 

Unlike the previous system, which suffers from significant gain 

loss, the proposed system shows significant improvement in 

beam alignment with target angles, which confirms the 

effectiveness of T.D. modules and phase shifters in this system. 

Figure 8 illustrates the normalized array gain at various 

subcarriers. Compared to Figure 5, it becomes evident that the 

proposed PTDP and corresponding wideband precoding design 

effectively alleviate the beam-splitting effect. Specifically, the 

normalized array gain experiences a substantial reduction of 

over 82% at subcarrier Q = 1 when using a narrowband of B = 

0.01 GHz. The results of Figure 8 confirm the effectiveness of 

the proposed PTDP system in overcoming the challenge of 

beam splitting in IRS systems. By comparing the performance 

of the proposed system with the traditional system at different 

frequency bands, it is clear that the proposed system achieves a 

significant improvement in array gain, especially at wide bands. 

The proposed design achieved a 94.5% improvement in gain 

compared to the traditional approach. Figure 9 shows the 

relationship between the transmission power of the base station 

and the achievable rate of each subcarrier. 

 
  (a) 

 

 
 (b) 

 

Fig. 4. The normalized array gain against (a) Azimuth angle and (b) Elevation 

angle 

 

 

 

Fig. 5.  The relationship between normalized array gain and no. sub-carrier for 

bandwidth𝑠  𝑓𝑠1 = 0.01 𝐺𝐻𝑧, 𝑓𝑠1 = 1 𝐺𝐻𝑧, 𝑎𝑛𝑑 𝑓𝑠1 = 2 𝐺𝐻𝑧. 
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Fig. 6. The relationship between normalized array gain and no. sub-carrier 

for different numbers elements of IRS 

 

 
 (a) 

 

 
 (b) 

 

Fig.7. The normalized array gain against (a) Azimuth angle and (b)Elevation 
angle using proposed PTDP 

 

 
 

Fig. 8. The relationship between the number of sub-carriers and normalized 

array gain using the proposed PTDP structure  
 

It is shown that the proposed system, with its frequency-

based precoding design, achieves the highest possible 

performance when each element is equipped with a TD. The 

design was based on traditional narrowband beamforming 

technology, with an emphasis on improving phase control 

performance. The performance of this technique was evaluated 

using continuous phase shifting and phase shifting at low 

resolutions (1 and 2 bits), compared to the traditional technique. 

The proposed design was also matched with the optimal 

precoding. Traditional narrowband beamforming design has 

been based on simple phase shift techniques. The proposed 

PTDP system relied on more complex phase-shifting 

techniques, which allowed for significant performance 

improvement. The results showed that using TD in Phase shift-

Time Delay-Phase delay (PTDP)resulted in a 54% increase at 

transmitted power=30 dBm in data rate compared to the 

traditional design. The achievable rate per subcarrier is given 

[43, 44]: 

 

𝑅𝑜𝑝𝑡𝑖𝑚𝑎𝑙 =
1

𝑄
∑ 𝑙𝑜𝑔2 (1 +

|𝐺𝑞|
2.𝑆𝑁𝑅

𝜎2
)𝑄

𝑞=1                       (35) 

 

The signal-to-noise ratio is [45]: 

 

𝑆𝑁𝑅 = 𝑃𝑡 𝜎
2⁄                                                                       (36) 

 

where 𝑃𝑡 is the total transmitted power, while 𝜎2 = −90𝑑𝐵𝑚 

[11, 46]. The achievable rate for continuous precoding is given 

[23] : 

 

𝑅𝑐𝑜𝑛 =
1

𝑄
∑ 𝑙𝑜𝑔2 (1 +

|𝜓1𝐺𝑞𝜓2|
2𝑆𝑁𝑅

𝜎2
)𝑄

𝑞=1                     (37) 

 

 

 
 

Fig. 9. The relationship between the transmitted power and achievable rate per 
subcarrier at the number of BS antennas B=1 

 

Figure 10 shows that as the number of subarrays increases, 

this leads to an increase achievable rate per subcarrier and its 

value approaches the optimal precoding. Figure (11) shows the 

relationship between the transmitted power and the achievable 

rate of each sub-carrier when the number of base station 

antennas is B=256 antenna, and the RIS uses 16-TD units. Each 

simulation randomly selected the base station transmission 

angle from a uniform distribution between -π/2 and π/2. The 

performance of a PTDP-based wideband precoding scheme, 
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which used continuous phase shift and 256 RIS subarray, was 

analyzed. 

An optimal precoding design was adopted for both the base 

station and the IRS to achieve maximum performance. A 

narrowband beamforming design without TD modules was 

considered a baseline for comparison. This baseline scenario 

provides an example of the double beam splitting phenomenon. 

For comparison, the performance of TD-based precoding that is 

limited to beam splitting processing in either IRS or BS. only, 

based on a proposed design, was also evaluated. Compared with 

single-antenna base stations, multi-antenna base stations with 

large antennas suffer greater data rate degradation due to the 

double beam split phenomenon when using a narrowband 

beamforming design. 

 
 

Fig. 10. The relationship between the number of subarrays and the 

achievable rate per subcarrier 

 

While TD modules-based precoding can help address the beam-

splitting effect, focusing on only the BS or the IRS does not 

fully compensate for the performance degradation caused by 

double beam splitting. The PTDP-based joint wideband 

precoding design is able to enhance a performance that is close 

to the optimal achievable rate, and this is particularly effective 

in mitigating the double beam splitting effect. Figure (12) The 

relationship between the transmitted power and achievable rate 

per subcarrier at the number of BS antennas B=256. The results 

showed that both the PTDP design with a 16-TD and the 

conventional narrow-beamforming technique led to lower-than-

expected performance when operating in narrow frequency 

bands. In contrast to the proposed PTDP-based design, the 

frequency-independent narrowband beamforming scheme 

experiences a significant decrease in achievable rate as the 

bandwidth increases. 

The proposed PTDP-based wideband precoding design is 

shown to be able to effectively handle the challenge of dual 

beam splitting in wide frequency bands and this makes it a 

flexible and applicable solution in IRS-based millimetre wave 

communication systems. 

Finally, the proposed method was compared with a number 

of other methods in Table II. 

 
TABLE II 

COMPRESSION BETWEEN THE PROPOSED PAPER WITH NUMBERS OF PAPERS  

 [19] [44] [47] [29] The proposed   

Single user  ✔   ✔ ✔ 

Multi-user   ✔ ✔  ✔ 

Narrowband     ✔ 

Wideband ✔ ✔ ✔ ✔ ✔ 

Beam Squint  ✔  ✔  ✔ 

Beam spilt   ✔  ✔ ✔ 

With IRS  ✔ ✔ ✔ ✔ 

 

 

 
 

Fig. 11. The relationship between the transmitted power and achievable 
rate per subcarrier at the number of BS antennas B=256. 

 

 

Fig. 12. The relationship between Bandwidth and achievable rate per 

subcarrier at the number of BS antennas B=256 and the transmitted 
power=30dBm.  

 

VII.  CONCLUSION 
 

Millimetre wave communications supported by IRS have 

faced the major challenge of beam splitting, resulting in a 

decrease in received signal strength, while to solve this 

problem, precoding techniques based on phase control and TD 

of the signal have been studied. By analyzing the effect of beam 

splitting and gain drop, a structure of IRS consisting of several 
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interconnected layers is presented. This structure allows the 

application of a frequency-based and error-tolerant precoding 

technique in estimating communication channels. The effect of 

double beam splitting at both BS and RIS is studied. The results 

show that this technology can significantly reduce the effect of 

beam splitting, making IRS-supported millimetre wave 

technology more efficient. The proposed PTDP structure 

achieved a 94.5% enhancement in gain compared to the 

traditional structure. The proposed PTDP-based wideband 

precoding design has been demonstrated to be able to 

compensate for the array gain loss caused by the double beam 

splitting effect occurring at both BS and IRS, even in scenarios 

with large bandwidths. 
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