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Abstract 

The increasing demand for ultra-high data rates and low-latency communication in next-

generation wireless networks has led to the exploration of millimeter-wave (mmWave) 

frequency bands. These frequency bands offer significant bandwidth but are challenged by 

severe path loss, high susceptibility to blockage, and complex channel conditions. To address 

these challenges, a joint system modeling framework that integrates multicarrier time-division 

multiple access (MC-TDMA) with beamforming techniques is introduced. This study presents 

an analytical model that combines MC-TDMA’s flexible time-slot allocation with the high 

directionality and interference mitigation capabilities of beamforming, tailored to the unique 

characteristics of mmWave channels. Two optimization algorithms are proposed based on 

dynamic resource allocations for time slot allocations and hybrid beamforming respectively. 

Simulations experiments are performed under realistic propagation conditions, considering 

number of base station antennas, radio frequency (RF) chains, number of users and channel 

paths. Results demonstrate superior performance over existing schemes.  The proposed schemes 

are verified to have smaller spectral efficiency gaps when compared to the fully-digital 

beamforming method. The findings offer a practical solution for high-capacity, low-latency 

communication in dense and dynamic mmWave environments, paving the way for more efficient 

next-generation networks design. 

Keywords: Beamforming; Modeling; mmWave; MC-TDMA; Spectral Efficiency; 5G 

Networks 

 

Introduction 

The rapid advancement of wireless 

communication technologies has introduced 

new paradigms such as 5G, with visions of 6G 

on the horizon (Chen et al. 2023). These next-

generation networks promise to meet the ever-

growing demands for ultra-high data rates, 

low-latency communication, and massive 

connectivity (Ji et al. 2018). To achieve these 

ambitious goals, researchers have turned their 

attention to higher frequency bands, 

specifically millimeter-wave (mmWave) and 

Terahertz (THz) frequencies, which offer 

abundant bandwidth resources (Golos et al. 

2023, Yong et al. 2023, Xue et al. 2024). 

Frequencies in the mmWave (30-300 GHz) 

and THz (0.1-10 THz) ranges are particularly 

attractive due to their ability to support data 

rates in the multi-gigabit-per-second range 

(Moltchanov et al. 2022). However, their 

adoption presents significant challenges, 

particularly related to propagation losses, high 

susceptibility to blockages, and increased 

sensitivity to environmental changes (Chen et 

al. 2022, Alsaedi et al. 2023).  

Large scale antennas array technology like 

massive multiple input multiple output 

(MIMO) systems can be used to increase 

capacity, reliability and spectral efficiency of 

the mmWave communications (Shareef and 
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Al-Kindi 2023). The challenge of 

implementing large number of antennas at the 

user terminal for lower frequency of operation 

is solved by the application of mmWave 

frequencies (Raheja et al. 2019). It is observed 

that the size of 4x4 uniform planar array 

(UPA) at 5 GHz is 80 cm2 (Naik and Virani 

2022). At 28 GHz the size is reduced to 2.6 

cm2. This allows a greater number of UPAs to 

be implemented in 28 GHz and provide 

beamforming (Verma and Mishra 2022). 

Despite the fact that mmWave provides more 

accurate beamforming, the narrow beamwidth 

required to overcome propagation issues make 

the system highly sensitive to beam 

misalignment, particularly in dynamic 

environments such as vehicular 

communication systems (Yuan et al. 2023). 

Therefore, efficient techniques to mitigate 

these propagation challenges are essential for 

enabling robust and reliable communication in 

mmWave systems (Busari et al. 2018). To 

address these challenges, one promising 

approach is the integration of multicarrier 

(MC) transmission schemes, time-division 

multiple access (TDMA) and advanced 

beamforming techniques. The MC-TDMA 

offers flexible resource allocation by dividing 

time and frequency resources among users, 

making it suitable for managing the wide 

bandwidth available at higher frequencies 

(Huang et al. 2023). Meanwhile, beamforming 

concentrates signal energy into highly 

directional beams, compensating for the high 

path loss at mmWave  frequencies to enhance 

system capacity, improve spectral efficiency, 

and ensure better coverage (Kutty and Sen 

2016, Ullah et al. 2022, Beiranvand et al. 

2023). 

However, combining MC-TDMA with 

beamforming introduces new complexities in 

the system modeling (Huang et al. 2023). 

Existing system models for mmWave 

frequencies often focus on either 

beamforming or multicarrier transmission in 

isolation, leaving a gap in the understanding of 

their combined effects (Moltchanov et al. 

2022, Yusof et al. 2023). Furthermore, the 

joint impact of these technologies on key 

performance indicators, such as bit error rate 

(BER), spectral efficiency, and outage 

probability, under realistic channel conditions 

remains underexplored. This paper aims to fill 

this gap by developing an analytical model for 

joint system that integrates MC-TDMA with 

beamforming in mmWave communications. 

The proposed model accounts for key 

propagation characteristics of mmWave 

frequencies, including path loss, small-scale 

fading, and beam misalignment. The 

performance metrics such as BER, system 

capacity, and spectral efficiency are derived to 

assess the effectiveness of this joint approach 

in various operating environments. The model 

is validated through extensive simulations and 

compared with existing schemes. The 

contribution of the paper is twofold: a joint 

analytical system model that incorporates 

MC-TDMA and beamforming for mmWave 

communication systems is derived; time-

slot/subcarrier allocation and hybrid 

precoding optimization algorithms are 

designed to maximize systems’ spectral 

efficiency. 

The millimeter-wave (mmWave) frequency 

band has gained popularity in recent years due 

to its potential for providing ultra-high data 

rates and supporting next-generation wireless 

networks such as 5G and beyond (Busari et al. 

2018). Several research efforts have been 

dedicated to understanding and addressing the 

challenges posed by the unique characteristics 

of mmWave communications, such as severe 

path loss, high susceptibility to blockages, and 

propagation sensitivity (Li et al. 2022). To 

mitigate these challenges, the use of 

beamforming techniques, multicarrier (MC) 

systems, and massive multiple input multiple 

output (MIMO) technologies have been 

explored extensively (Getahun and Rajkumar 

2023).  

Beamforming plays a crucial role in 

overcoming the high path loss associated with 

mmWave frequencies by directing energy into 

highly focused beams (Soumya et al. 2023). 

Traditional fully-digital beamforming, where 

each antenna element is controlled 

individually, has been shown to achieve 

optimal performance in terms of spectral 

efficiency and interference management 

(Mezzavilla et al. 2018). However, its 

complexity and power consumption grow 
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prohibitively large as the number of antennas 

increases, especially in massive MIMO 

systems (Kutty and Sen 2016). Hybrid 

beamforming has emerged as a practical 

alternative that reduces hardware complexity 

by combining digital and analog beamforming 

(Teng et al. 2021). Numerous studies have 

proposed different hybrid beamforming 

designs to balance performance and cost, 

including dynamic hybrid precoding 

(Alkhateeb et al. 2013)  and partially-

connected architectures (Song et al. 2020), 

manifold optimization (Du et al. 2019) and 

block diagonalization (Shareef and Al-Kindi 

2023). These approaches achieve near-optimal 

performance at a fraction of the complexity of 

fully-digital beamforming. 

The combination of multicarrier 

transmission schemes with mmWave 

communications has also been extensively 

studied (Shareef and Al-Kindi 2023). 

Orthogonal Frequency Division Multiplexing 

(OFDM) is a widely used multicarrier scheme 

that offers robustness against frequency-

selective fading, making it well-suited for 

mmWave channels (Basha et al. 2023). 

However, OFDM’s high peak-to-average 

power ratio (PAPR) poses challenges for 

mmWave systems. To address this, several 

studies have investigated alternative 

multicarrier schemes, including filter bank 

multicarrier (FBMC) (Farhang-Boroujeny 

2011)  and generalized frequency division 

multiplexing (GFDM) (Wang et al. 2023), 

which offer lower PAPR and better spectral 

efficiency. Time-division multiple access 

(TDMA) has also been employed to manage 

the allocation of time and frequency resources 

in mmWave systems (Zhang and Zhu 2020). 

Studies have demonstrated that integrating 

TDMA with beamforming can enhance 

system capacity and reduce interference in 

dense environments (Bahbahani et al. 2023, 

Khaled et al. 2023). Although some research 

has focused on the independent use of either 

beamforming or multicarrier schemes in 

mmWave, the joint modeling of MC-TDMA 

and beamforming has not been thoroughly 

explored. 

Despite the progress in beamforming and 

MC systems, the combination of these two 

techniques remains underexplored in the 

context of mmWave communications 

(Khudhair and Singh 2021). The integration of 

MC-TDMA with beamforming can potentially 

offer more flexible and efficient resource 

allocation (Rajashekar et al. 2019). However, 

this integration introduces additional 

challenges, particularly in managing the 

complexity of hybrid beamforming and 

ensuring efficient time-slot and subcarrier 

allocation (Hamid et al. 2023). Existing works 

have focused either on the optimization of 

beamforming techniques (Sohrabi and Yu 

2017) or on multicarrier systems  (Khudhair 

and Singh 2021), leaving a gap in the 

comprehensive understanding of their 

combined effects. Recent efforts have started 

to explore the potential of combining MC and 

beamforming techniques to improve system 

performance. For example, studies have 

examined the performance of MC systems 

under different hybrid beamforming 

architectures (Eisenbeis et al. 2021), but few 

have considered the impact of joint resource 

allocation. Furthermore, while several works 

have explored mmWave channel models 

(Rappaport et al. 2015), most focus on point-

to-point systems rather than multiple access 

networks (Chen et al. 2021). The joint 

modeling of MC-TDMA and beamforming, as 

proposed in this paper, offers a novel approach 

to address these gaps by optimizing both 

resource allocation and beamforming under 

realistic mmWave channel conditions. 

 

Materials and Methods 

System and Channel Model 

In the proposed MC-TDMA scheme, users 

are assigned orthogonal time slots across 

multiple subcarriers. Figure 1 shows the MC-

TDMA base station (BS) transmitter structure 

with hybrid beamforming equipped with U 

radio frequency (RF) chains and M antennas. 

The system operates over a total bandwidth B
, which is divided into 𝑁 subcarriers each with 

bandwidth 
N

B
f = are used for data 

transmission where U single-antenna users are 

simultaneously served on the entire band. For 

each time slot 𝑇𝑠 the subcarriers are assigned 
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to users according to the TDMA scheduling. 

At any given time slot 𝑇𝑠 a user is allowed 

exclusive access to a set of subcarriers, 

ensuring that no inter-user interference occurs 

within that time slot. 

 

 

 
Figure 1: MC-TDMA Transmitter Structure with Hybrid Beamforming 

 

Let the digital signal of j-th user be represented by  
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where 
CT  stand for time interval between symbols after compression. The position in time for 

each group is modified in accordance to the TDMA code which is assigned to the user. In other 

words, the TDMA code specifies which slot within each frame should be occupied by the user. 

By assigning each user with a particular code, equation 2 becomes: 
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where 
)( j

mc  is the TDMA code allocated to user j for the m-th frame.  

 

The digital precoding is applied in the baseband domain before multicarrier modulation stage. 

Wj is the digital precoding matrix for user j, which has dimensions U x U, where U is the number 

of RF chains. The digital precoded signal for user j is obtained as 
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where  = Mjjjj www ,...,, 21W ℂ𝑈x𝑈 represent digital precoder for user j. The multicarrier 

block transforms the signal in equation 4 into 
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The analog precoder ],...,[ 2,1 Ujjjj fff=F with dimensions M x U is applied at the RF stage 

using phase shifters. The analog precoder modifies the signal across the antenna array for 

beamforming. The signal generated for user j is presented as 
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. 

The baseband signal in equation 9 is up converted by a power amplifier at a carrier frequency 

cf  to produce a passband signal presented as 
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The narrowband mmWave channel is assumed to be sparse scattering with L multipath 

components. Each of the components is characterized by a gain l  and angular parameters lr ,

and lt , (angles of arrival and departure). The ra  and ta are receive and transmit array response 

vectors respectively. The channel matrix  = ][],...,2[],1[ Uhhh jjjjH ℂ𝑀𝑥𝑈 is represented 

as 

=
L

fjH

lttlrrljj
lceaa
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The received signal for user j is now presented as 

 

j

j

TDMAjj

H

j

j

RX nSS += )()(
WFH    (13) 

where jn is additive white Gaussian noise for user j and 𝑛𝑗~∁𝑁(𝑂𝑁 , 𝑃𝑛𝐼𝑁) in which 𝑃𝑛 is the 

noise power. The received signal of all active users in the MC-TDMA system can also be 

presented as 
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where )(t  indicates the rectangular pulse defined in [0, TC], jP is the j-th user signal power 

and lastly ξ(t) indicates user interference. 

 

In this work the fully connected structure of the hybrid precoding is considered in which each 

RF chain drives all the antennas. Now, the received signal of the j-th user at subcarrier k is given 

as 
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To characterize the practical scattering of 

mmWave channels, in this work the geometric 

model presented in (Rappaport et al. 2015) is 

adopted. Since the number of users 

corresponds to the number of antennas used, 

the subscript j can be interchanged with U. It 

is also assumed that the channels between the 

BS and users have the same number of paths. 

For the u-th user, the path time delay is given 

as 𝜏𝑢,𝑙 ∈ ℝ, angle of arrival and angle of 

departure   2,0, ,, ltlr . The channel 

vector for u-th user is given as 
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where cN denotes the number of delay taps, )( is the pulse shaping filter, lua ,  denotes the 

antenna array response vector of the BS. 

 

Objective Function 

The problem of interest in this work is to 

maximize the total data rate for all users in a 

multi-user MC-TDMA system with hybrid 

beamforming, while ensuring that each user 

meets a minimum required signal to 

interference plus noise ratio (SINR). The 

frequency-selective nature of mmWave 

channels, combined with the use of time-slot 

and subcarrier multiplexing, poses challenges 

in maintaining high data rates, particularly in 

the presence of path loss, fading, and beam 

misalignment. In this case, the data rate for 

user u on subcarrier k in the MC-TDMA 

system with hybrid beamforming is presented 

as

 

  

( )][1log][ 2 kSINRfkR uku +=    (17) 

where kf is the bandwidth of subcarrier k and ][kSINRu is the signal to interference plus noise 

ratio for user u on subcarrier k. The SINR on user u on the subcarrier k is determined by the 

power allocation, beamforming gain and interference from other users and subcarriers as well as 

noise. The SINR is defined as 
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where uP is power allocated to user u, ( )uoffsetuh ,  is the channel vector with beam 

misalignment uoffset,  , 
2

n  is the noise power, ku,Z  is the time slot assignment matrix and 

( )


=
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2

, WF is the interference power from user i  . Now, for the proposed 

MC-TDMA system, the objective function is written as 
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To solve the objective problem, design 

strategies are presented in this work. It is 

assumed that the perfect channel state 

information (CSI) is available in order to study 

the performance limits of the time division 

multiplexing and hybrid beamforming 

structure. 

 

Optimization Algorithm 

The main challenge of the problem 

presented in equation 19 is solving for 

multivariable i.e. ZWF ,, . In this work 

maximization algorithms for time-

slot/subcarrier allocation and hybrid 

precoding to maximize the overall data rate for 

MC-TDMA system are presented. However, 

instead of solving the original optimization 

problem for the three variables, the presented 

algorithms separate the problem into 

optimization functions for time-slot allocation 

and hybrid precoding. 

 

Time Slot Assignment Design 

To design the time-slot and subcarrier 

assignment matrix Z  so that it maximizes the 

achievable data rate in the proposed MC-

TDMA system, the dynamic resource 

allocation method is applied. The matric Z  

represents how time slots and subcarriers are 

allocated to users across the frequency and 

time domains. Since the objective is to 

maximize the sum data rate of all users across 

time-slots and subcarriers, therefore the 

objective function is presented as 
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where ][khu  is the channel vector for user u on subcarrier k, W is the analog precoding matrix, 

][kuF is the digital precoding for user u on subcarrier k, ][kPu is the power allocation to user u 

on subcarrier k, ][ku is the interference experienced by user u on subcarrier k and 
2

n  is the 

noise power. Now, the objective function can be represented as a cost function )(rf as shown 

in equation 21. 
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Let tku ,,Z represent the assignment of user u to subcarrier k during time slot t. The allocation 

of subcarriers and time slots is based on the available CSI for each user. Therefore, for each 

subcarrier k, the metric to be evaluated should be 
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This metric captures the effective channel 

gain normalized by interference and noise. 

Assign time-slots and subcarriers to users with 

the highest effective channel gains for each 

subcarrier and time-slot combination. The idea 

is to exploit multi-user diversity by allocating 

resources to the users who can achieve the 

highest SINR in each time-slot and subcarrier. 

Once the time-slot and subcarrier assignment 

matrix Z  is decided, power is allocated across 

users and subcarriers. The water-filling 

method is applied. The water-filling method is 

an adaptive power allocation technique that 

optimally distributes power across subcarriers 

based on channel conditions. Subcarriers with 

better channel gains receive more power, 

while those with poor channel conditions 

receive less, maximizing overall system 

capacity (Xing et al. 2020). It allocates more 

power to subcarriers with better channel 

conditions. The water-filling power allocation 

for user u on subcarrier k is given by
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where  is a Lagrange multiplier chosen to satisfy the total power constraint for each user and 

|.|H is the Hermitian transpose. 

To avoid allocating all the best resources to 

just a few users, proportional fairness criterion 

is applied. This ensures that users with worse 

channel conditions still receive some 

resources, maintaining a balance between 

maximizing throughput and ensuring fairness. 

The proportional fairness metric for user u on 

subcarrier k at time-slot t is defined as 
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Table 1: Design of Time Slot and Subcarrier Matrix 

 

Algorithm 1: Time Slot and Subcarrier Assignment Matrix Based on Dynamic 

Resource Allocation 

Input: 
UxK

ku 0, =Z , 𝝐 , ,  UR uu ,...,3,2,10 =  
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1      while −− ]1[][ nRnR uu 𝝐 and maxNn  do 

2      for   Uu ,...3,2,1  

        for   Nk ,...3,2,1  

        for   CTt ,...3,2,1  
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12        end 

13         end 

14          end 

15           end 

 

 

It is observed in the algorithm in Table xx, that iterations proceed by updating the assignment 

matrix Z  and power allocation ],[ tkPu  until convergence 𝜖 or until the number of iterations 

is maximum. It is also notable that step 8 is the solution to Lagrangian function 
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The objective was to maximize the sum of the achievable data rates across the subcarriers while 

satisfying power constraint as presented in equation 23. Therefore, taking the derivative of L

with respect to ][kP  and set it to zero gives the optimum power allocation for each subcarrier. 

Equation 26 is solved numerically by bisection method. 
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Hybrid Precoding Design 

In Algorithm 1, the time slot and subcarrier 

assignment strategy has been discussed. 

However, the design of time slot matrix 

through dynamic resource allocation still 

requires fixing the hybrid precoder. In this part 

the hybrid precoding design algorithm aimed 

at maximizing the system's data rate is 

presented. Given the constraints of fixed CSI, 

a predetermined time-slot assignment matrix, 

and a fixed subcarrier power allocation, the 

algorithm iteratively optimizes the digital and 

analog precoding matrices. The goal is to 

ensure that the system leverages the full 

potential of hybrid beamforming while 

adapting to the underlying channel conditions. 

The analog precoding matrix is iteratively 

optimized on a manifold, where it operates in 

the RF domain with phase-only adjustments, 

while the digital precoding is updated using a 

weighted minimum mean square error 

(MMSE) based approach. The regularization 

term dynamically adjusts the trade-off 

between maximizing the data rate and 

maintaining a desirable structure for the 

precoding matrices, ensuring stability and 

enhancing convergence. Convergence is 

achieved when the difference in the weighted 

sum-rate between iterations falls below a 

predefined threshold, indicating that the 

system has reached an optimal balance 

between performance and complexity. This 

refined approach allows for improved 

robustness in multi-carrier systems like MC-

TDMA, where resource allocation and hybrid 

beamforming need to be tightly coordinated, 

particularly in the presence of channel 

imperfections and system constraints. 

Therefore, by fixing digital precoder the 

problem in equation 19 can be reduced to
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  (27) 

 

It is however known that for hybrid beamforming, the digital precoder design is done based on 

the effective channels. Hence, the effective channel matrix for all users is presented as 

 


=

=
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  (28) 

The base station usually estimates the digital precoder matrix for effective channel for 

minimum mean square error (MMSE) as 
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  (29) 

 

The solution to the MMSE formula is given as 

 

( )HIHHW
2][ += Hk         (30) 

where I  is the identity matrix. 

Now, Algorithm 2 for hybrid precoding 

design is presented in Table 2. The algorithm 

incorporates weighted regularization. 

Weighted regularization is used in 

optimization to balance performance and 

stability in hybrid precoding design. It 

introduces a penalty term that prevents 

overfitting to specific channel conditions, 

ensuring robustness and faster convergence in 

practical implementations (Huang and Pan 

2020). The regularization term is introduced in 

the objective function to smooth out the 

optimization landscape. 
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Table 2: Hybrid Precoding with Weighted Regularization Algorithm 

 

Algorithm 2: Hybrid Precoding with Weighted Regularization 

Input: Fixed CSI, ][kuH , tku ,,Z  
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Experimental Results 

Simulation Parameters 

In this section, the parameters for simulation 

analysis of the proposed joint MC-TDMA and 

hybrid beamforming schemes are presented. 

The experiments are conducted by 

implementing the designed algorithms to 

assess their effectiveness under various 

conditions. The proposed methods are 

compared with the fully digital beamformer 

with full channel state information and hybrid 

beamforming schemes presented in (Du et al. 

2019) and (Shareef and Al-Kindi 2023) 

The method presented in (Du et al. 2019) 

uses alternating optimization algorithm based 

on manifold optimization to maximize the 

performance in terms of the system spectral 

efficiency. In Shareef and Al-Kindi (2023) the 

authors used modified orthogonal matching 

pursuit (OMP) algorithm to design a wideband 

hybrid combiner based on the sparse structure 

of mmWave channel and OFDM. Table 3 

shows the system and experimental conditions 

based on the 3GPP specification series TS 

38.104 (Sasikumar and Jayakumari 2021) in 

the numerical experiments.  
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Table 3: Simulation and Experimental Conditions 

Parameter Value 

Subcarrier spacing (∆𝒇) 120 kHz 

OFDM symbol duration 8.33 μs   

FFT-points N 1024 

Carrier frequency 28 GHz / 60 GHz / 100 GHz 

Sampling interval Ts 7.6 ns 

Modulation  QPSK 

CP length  72 

Subcarrier mapping (𝑲 ≤ 𝑵) 
−

𝐾

2
, −

𝐾

2
+ 1, . . . . . ,

𝐾

2
− 1  

  

Transmission bandwidth 1 GHz        2 GHz 

  

Users 10-100 random locations, with 16 

antennas 

  

Beamforming 64 antennas, beamwidth 100 

Resource Allocation Time-slot 100 μs, water filling  

Optimization Parameters Nmax=1000; ϵ=10-4 

 

 

In this work the bandwidth of transmission is assumed to be equal to the data rate. Therefore, 

the SINR defined in equation 18 can also be represented as 

         

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where 𝐸𝑏  and 𝑁0 are energy per bit and noise power spectral density. The spectral efficiency 

(SE) is defined in this study as the rate of data transmission per unit bandwidth. It is presented 

as 

  

         ( )
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N

SE
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2 1log
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For simulation, 10000 random symbols are 

generated and the system utilizes the IDFT 

transform with QPSK constellations. The 

wideband 28 GHz channel is used divided into 

1024 OFDM subchannels plus 72 cyclic prefix 

(CP). The right hand of equation 12 is similar 

to the narrowband channel model. Therefore, 

each user is assumed to have the same number 

of data streams with normal distribution. The 

angle of departure and complex path gains are 

respectively distributed as 𝜃𝑢,𝑙 ∽ 𝒰(0,2𝜋) and 

𝛼𝑢,𝑙 ∽ 𝒞𝒩(0,1). 

 

Results and Discussion 

The simulation parameters in Table 3 are 

used throughout the simulation experiments 

discussed in this section. Figure 2 depicts the 

comparison of performance differences 

between different beamforming designs.  The 

results of the proposed algorithms are 

compared to that of fully digital beamformer, 

the hybrid precoding for alternative 

optimization (HP-AO) in  Du et al. (2019) and 

the modified orthogonal matching pursuit 

(OMP) in Shareef and Al-Kindi (2023). The 

number of BS antennas is 64, path number is 

fixed at 4 with eight users. The number of BS 

antennas, channel paths and users are 

represented by letters M, L and U respectively. 

The proposed Algorithm 1 demonstrates the 

best performance among all the hybrid 

beamforming designs. It has the smallest gap 

with the fully digital beamforming system of 

about 4dB. The HP-AO algorithm in Du et al. 
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(2019) outperforms the proposed when the 

number of channel paths is 4. However, when 

the number of channel paths increases to 6, 

Algorithm 2 performs better that HP-AO 

algorithm as shown in Figure 3.  This verifies 

that the proposed algorithms are robust in 

sparse channels. As the number of channel 

paths increases Algorithm 1 closes in to the 

fully digital beamforming system. This is due 

to the fact that the time slot and subcarrier 

allocation scheme optimizes the cost function 

with added time diversity. 

 

 
Figure 2:    Spectral efficiency vs SINR with M = 64, L = 4 and U = 8. 

Figure 4 shows the spectral efficiency 

performance for increased number of users. 

Although the performance gap between the 

fully digital beamforming and the HP-AO and 

OMP algorithms becomes larger when the 

number of users increases, the gap between the 

proposed algorithms and fully digital 

beamforming is still at 5dB. This demonstrates 

the robustness of the proposed schemes to 

dynamically allocate resources as the number 

of users grow. In Figure 5, the number of BS 

antennas is increased to 128 and 256 with six 

users. It is observed that the gap between fully 

digital beamforming and proposed algorithms 

reduces. The performance of algorithm one 

outperforms the existing due to the introduced 

time diversity. It is also observed that larger 

antenna array provides narrower beams, which 

results in higher directivity. This improves the 

ability of the system to focus energy towards 

intended users, reducing interference and 

increasing the effective signal strength. 

Likewise, the beamforming gain is 

proportional to the number of antennas. As the 

number of antennas increases, the 

beamforming gain also increases, which 

significantly improve the system's spectral 

efficiency performance. This gain is observed 

to compensate for the for path loss in 

mmWave bands where high attenuation is 

common. 

In Figure 6, it is observed that with more BS 

antennas, more precise beams can be directed, 

which reduces interference and improves 

signal-to-noise ratio. However, in this case the 

number of users is increased which 

necessitates the allocation of resources 

dynamically for optimal performance. As a 
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result, the spectral efficiency decreases by 

2dB.  But, it is observed that the amount of 

information transmitted per Hz improves, 

particularly in the case of fully digital 

beamforming. In multi-user systems, more 

antennas allow simultaneous beamforming to 

multiple users (spatial multiplexing), further 

boosting the overall system capacity. 

 

 
Figure 3:    Spectral efficiency vs SINR with M = 64, L = 6 and U = 8. 
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Figure 4:    Spectral efficiency vs SINR with M = 64, L = 4 and U = 16. 

. 

 
Figure 5:    Spectral efficiency vs SINR with M = 128 and 256, L = 4 and U = 6. 

 

 
Figure 6:   Spectral efficiency vs SINR with M = 128 and 256 , L = 4 and U = 8. 
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For fair comparison between proposed and 

existing beamforming schemes, the 

computational complexity is presented in 

Table 4. The complexity in this study is 

defined as of the number of multiplications, 

additions, matrix inversions and 

computational resources needed to complete 

each iteration. 𝑁 is the number of subcarriers, 

𝑀 is the number of BS antennas, 𝑁𝑅𝐹  is the 

number of RF chains, U is the number of users 

and 𝑋−1 represent matrix inversion. 

 

Table 4: Complexity of Beamforming Schemes 

Scheme Complexity 

Full  Digital Beamforming  𝛰(𝑀𝑁𝑈𝑁𝑅𝐹
𝑈 ) 

Du et al., 2019 𝛰(𝑁𝑀𝑁𝑅𝐹
2 ) 

Shareef and Al-Kindi 2023 

Algorithm 1 
𝛰(𝑀𝑁𝑈𝑁𝑅𝐹𝑋−1) 

𝛰(𝑀𝑁𝑁𝑅𝐹 + 𝑁𝑈𝑁𝑅𝐹) 

Algorithm 2 𝛰(𝑀𝑁𝑈𝑁𝑅𝐹) 

  

 

Digital beamforming system scales linearly 

with the number of antennas, as each antenna 

requires a dedicated RF chain, digital-to-

analog converter (DAC), and signal processor. 

For large antenna arrays it results into 

significant increase in power consumption, 

processing load, and hardware costs. The 

computational complexity also grows due to 

the need for digital precoding across all 

antennas in real-time. The work presented in 

Shareef and Al-Kindi (2023) have a fair share 

of complexity for each iteration. This is due to 

the fact that the involved matrix inversion 

consumes computing resources extending the 

convergence time. The proposed schemes of 

Algorithm 1 and Algorithm 2 demonstrate low 

computation complexity compared to the 

existing hybrid beamforming methods. As 

observed in the complexity analysis in Table 

4, the proposed schemes have significantly 

lower computational overhead compared to 

fully digital beamforming, making them 

feasible for hardware implementation in large-

scale antenna systems. The iterative nature of 

proposed optimization algorithms ensures 

convergence within a reasonable number of 

iterations, making real-time adaptation 

possible. Additionally, the proposed 

algorithms can be integrated with existing 5G 

and future 6G architectures without significant 

hardware modifications. 

Figure 7 shows the bit error rate (BER) 

performance of the proposed algorithm when 

compared with fully digital and HP-AO 

beamforming system. The fully digital 

beamforming scheme outperformed all other 

beamforming schemes, indicating its superior 

performance due to the direct control over 

each antenna element, which maximizes 

beamforming gain and interference 

mitigation. The proposed Algorithm 1 

followed closely, offering a balanced 

performance with fewer RF chains but still 

maintaining substantial beamforming 

capabilities. At a moderate SINR (e.g., 10 dB), 

the BER of proposed Algorithm 1 is 

approximately 10⁻³, whereas the fully digital 

BER is around 10⁻⁴, indicating a small 

performance gap of ~1 dB. At high SINR 

levels (20 dB+), proposed Algorithm 1 and 

fully digital converge, meaning the hybrid 

approach closely matches the performance of 

fully digital beamforming.  
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Figure 7:    BER vs SINR with M = 128 and 256 , L = 4 and U = 8. 

The proposed Algorithm 2 demonstrated 

moderate performance, reflecting its reduced 

flexibility in beamforming due to fixed time 

slot allocation strategy. HP-AO shows a 1-2 

dB BER degradation compared to the 

proposed schemes, confirming its trade-off 

between performance and computational 

efficiency. The HP-AO beamforming scheme 

showed the least performance improvement, 

due to its adaptive nature that trades off 

efficiency for reduced complexity. These 

observations highlight the trade-offs between 

complexity and performance in beamforming 

architectures. Through simulation 

experiments done, the proposed schemes in 

the MC-TDMA with beamforming system, 

have demonstrates substantial performance 

improvements across various key metrics, 

including spectral efficiency and BER, when 

compared to existing techniques. The gap in 

spectral efficiency between the proposed 

hybrid schemes and the fully-digital 

beamforming method was minimized, 

particularly under realistic propagation 

scenarios. This highlights the effectiveness of 

the dynamic resource allocation and hybrid 

precoding design, especially in mitigating the 

inherent challenges of mmWave channels, 

such as high path loss and interference in 

dense environments. 

 

Conclusion 

The problem of interest in this work was to 

maximize the total data rate for all users in a 

multi-user MC-TDMA system with hybrid 

beamforming, while ensuring that each user 

meets a minimum required signal to 

interference plus noise ratio (SINR). The 

frequency-selective nature of mmWave 

channels, combined with the use of time-slot 

and subcarrier multiplexing, posed challenges 

in maintaining high data rates, particularly in 

the presence of path loss, fading, and beam 

misalignment. Therefore, maximization for 

time slot/subcarrier allocation and hybrid 

precoding algorithms are presented. These 

schemes are based on the dynamic resource 

allocation. The former strives to maximize the 

achievable data rate by designing the time 

slot/subcarrier assignment matrix. The later 

optimizes the analog precoding matrix by 

updating the digital precoder using a weighted 
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regularization MMSE based approach. It is 

observed that the proposed algorithms reduce 

the gap to an average of 4 dB from the fully 

digital beamforming system when the number 

of BS antennas are increased from 64 to 256. 

The proposed algorithms have also 

demonstrated low complexity per iteration 

when compared to existing hybrid 

beamforming schemes. These results are 

integral part of modeling MC-TDMA and 

beamforming in the mmWave channels. By 

integrating MC-TDMA's flexible time-slot 

management with the interference mitigation 

and directionality of beamforming, this 

research addresses mmWave channels 

challenges, optimizing resource allocation and 

enhancing performance. The findings 

contribute to the development of efficient, 

next-generation networks that can handle 

diverse use cases, including dense urban 

environments and mobile user scenarios. This 

work offers a pathway to significantly 

improve the reliability and data rates of future 

wireless systems. While the simulations in this 

work are based on standardized 3GPP TS 

38.104 specifications and realistic mmWave 

channel models, the assumptions on perfect 

CSI and fixed channel conditions may 

introduce some limitations. Future work can 

explore the impact of imperfect CSI  and 

mobility on resource allocation and hybrid 

beamforming. Future research can also 

evaluate the trade-offs between performance 

and hardware constraints to improve 

deployment feasibility in large-scale 5G and 

6G networks. 
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