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Abstract  

Multiple-input multiple-output (MIMO) and nonorthogonal multiple access technologies are 

considered as fundamental components to meet the high spectral efficiency requirements of the 

forthcoming 5G wireless systems and beyond. In this context, group layer multiuser MIMO (GL-MU-

MIMO) scheme has been proposed by the authors with linear group multiuser detection and receive 

antenna selection (RAS) to increase the number of simultaneously and reliably connected users more 

than the utilized number of radio frequency (RF) chains at the base station. In this paper, we derive 

the sum rate and capacity region expressions for GL-MU-MIMO uplink Rayleigh fading channels to 

demonstrate the impact of power allocation on the system performance and user-fairness. In addition, 

two low complexity RAS algorithms are proposed to maximize the sum rate of designed users’ groups 

and overall channel capacity. These techniques are utilized for new dynamic user grouping, RAS, and 

power allocation strategy to optimize the system performance under total received power and 

minimum user rate constrains. Compared with the generic MU-MIMO, numerical simulations 

demonstrate valuable tradeoffs between user overloading, complexity, and achieved performance 

through efficient utilization of groups’ power allocation. The new outcomes of GL-MU-MIMO 

extends the state-of-the-art towards diverse multi-antenna applications for future communications. 

Keywords: MU-MIMO; nonorthogonal multiple access (NOMA); user overloading; channel 

capacity; antenna selection; 5G systems. 

 

1. Introduction 

Fifth generation (5G) wireless communication systems are expected to be emerged by the end of 

this decade to fulfil the increasing demands for the latest high data rate applications and services such 

as Enhanced Mobile Broadband and Internet of things (IoT) [1-4]. In this context and due to the 

limited spectrum and power resources, numerous promising technologies have been proposed to meet 
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the main challenges of future networks such as large number of connected devices, Gigabits 

communications, high reliability and quality-of-service (QoS), minimum power consumption, and 

enhanced user-fairness [5-11]. In particular, it is greatly envisioned that multiple-input multiple-

output (MIMO) [1, 3, 4] and nonorthogonal multiple access (NOMA) techniques [9, 11] will be 

essential components for 5G systems and beyond. In Releases 13 and 14 of LTE-Advanced Pro 

(4.5G), MIMO and NOMA based schemes have been adopted to support 16 and 32 antennas 

associated with radio frequency (RF) chains at the base station (BS), respectively with up to 8 

concurrently connected multiuser MIMO (MU-MIMO) devices [10]. Moreover, Release 15 of the 

New Radio (NR) for 5G allow more users, enhance the BS with 64 to hundreds of antennas, and 

support backward compatibility to the existing LTE systems using the non-standalone operations [2]. 

Unfortunately, the massive increase of antennas comes at cost of high hardware complexity and 

consumed power due to the need for similar number of RF chains [1, 12]. Therefore, antenna selection 

(AS) has been considered in LTE specifications as an effective solution to reduce the impact of these 

shortcomings without significant performance loss [13, 14]. In the literature, AS has been investigated 

over diverse channel environments [15-21] and becomes an essential part of the emerging massive 

MIMO systems [3, 22-25]. 

In our recent work [5], a novel low complexity uplink group layer MU-MIMO (GL-MU-MIMO) 

based NOMA scheme has been designed to significantly increase the number of allowed users up to 

two-fold for the available number of RF chains at BS compared to the generic MU-MIMO with linear 

multiuser detection (MUD). By exploiting the path loss in cellular networks due to users’ locations 

and power control at BS, the served users are partitioned into two MU-MIMO groups based on their 

received signal strength as high power group (HPG) and low power group (LPG). Power-domain 

NOMA is performed for the transmitted signals of designed HPG and LPG through power allocation 

(PA) parameter to control the inter-group interference. At the BS, receive AS (RAS) algorithm is used 

to select the best subset of antennas in terms of their channel gains, and the received superimposed 

signals are detected with improved error performance using group layer MUD (GL-MUD) technique.  

The considered GL-MU-MIMO design can be used for different wireless multi-antenna 

applications. For instance, cognitive radio communications [26-28] can be implemented to 

opportunistically share the available spectrum resource between primary mobile users (i.e. HPG 

users) with highest QoS (in terms of the achieved user’s data rate) and secondary users (i.e. LPG 

users) of low QoS targets such as IoT devices. Cooperative NOMA [9] can also be configured using 

GL-MU-MIMO with different protocols by allowing the HPG users to act as relay stations for LPG 

users. This has the effect to improve the overall system performance since HPG users still transmit 

their signals simultaneously with that of LPG users based on power-domain NOMA in contrast to the 

relay nodes in cooperative MIMO systems [29]. This approach can be further exploited for wireless 

power transfer [30] to LPG devices from HPG terminals during the transmission phase of relayed 

signals.   
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For the developments of modern and future MIMO systems, channel capacity is typically 

considered as a key performance measure to assess the achieved spectral efficiency over available 

spectrum resources [3, 8, 15-23, 26, 31-33]. On the other hand, system complexity represents a critical 

factor to minimize the power consumption towards safe and green wireless communications [6, 14, 

22, 24]. Besides, attaining high QoS and user-fairness are considered very essential targets [27, 34, 

35]. In this paper, we investigate the channel capacity, complexity, QoS in terms of user’s data rate, 

and user-fairness of GL-MU-MIMO to demonstrate the system effectiveness for 5G requirements. 

The main contributions of this work are summarised as follows: 

1) Sum rate and capacity region expressions are derived for the uplink GL-MU-MIMO channels 

over Rayleigh fading environment. To the best of our knowledge, the presented capacity region 

is the first development of its kind, which tackles the problem of achievable sum rates for 

designed MU-MIMO groups (HPG and LPG) in contrast to the existing works that consider the 

rates of only 2-user NOMA scenarios (such as [31-33]). The number of allowed users in each 

group, RAS method, and PA parameter (𝜂𝜂) are used to demonstrate the optimal operating point 

with required tradeoffs between user overloading, sum rate capacity, groups’ sum rates (and 

hence users’ rates), system complexity, and user-fairness.  

2) Two low complexity RAS algorithms are proposed to maximize the sum rate of designed 

groups and overall sum rate capacity. The first method is based on the Euclidean norms of HPG 

channel rows to reduce the computational efforts significantly, while the second technique 

utilizes the corresponding phases of HPG channel rows to enhance the performance of former 

method considerably with affordable complexity for massive antenna systems.  

3) The above techniques are utilized to developed a new strategy of dynamic user grouping, RAS, 

and PA (DUG-RAS-PA) to optimize the system performance under total received power and 

minimum user rate constraints. 

4) Numerical results demonstrate valuable tradeoffs between user overloading, complexity, and 

achieved performance compared with the existing MU-MIMO. The new outcomes validate GL-

MU-MIMO system as a promising candidate for different multiantenna applications for future 

5G networks and beyond. 

The remainder of this paper is organized as follows: In Section 2, the system design of GL-MU-

MIMO is described. Section 3 presents the channel capacity analysis of considered system including 

the achievable sum rate and capacity region. In Section 4, low complexity RAS algorithms are 

proposed.  In Section 5, dynamic user grouping, RAS, and PA scheme is proposed for the considered 

GL-MU-MIMO system. Simulation results are shown in Section 6. Finally, Section 7 concludes the 

paper. 
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Figure 1.  Uplink GL-MU-MIMO of 𝐾𝐾 simultaneously connected single-antenna users with one common BS 
equipped with  𝑚𝑚  antennas and  𝑚𝑚𝑠𝑠 RF chains over Rayleigh fading channel. 

 

Notations: Bold-face uppercase and lowercase letters denote matrices and vectors, respectively. 

Plain lowercase letters stand for scalars.  𝒞𝒞𝑚𝑚×𝑢𝑢  denotes complex  𝑚𝑚 × 𝑢𝑢  matrix while ℛ𝑚𝑚×𝑢𝑢  is for 

real  𝑚𝑚 × 𝑢𝑢  matrix. Superscripts [. ]∗, [. ]H , [. ]T  and [. ]†  stand for complex conjugate, conjugate 

transposition, transposition, and pseudoinverse, respectively. 𝔼𝔼(. ) stands for the expectation operator. 

𝐈𝐈𝑚𝑚  is 𝑚𝑚 × 𝑚𝑚 identity matrix and ‖. ‖ stands for the Euclidean vector norm. |. | denote the determinant 

for matrices and magnitude for vectors while abs(. ) is the absolute value. 

2. System Design of GL-MU-MIMO 

2.1. System Model 

As in [5], consider an uplink GL-MU-MIMO scenario in a single cell cellular system of 𝐾𝐾 

randomly deployed mobile users communicating simultaneously with one common BS over flat 

Rayleigh fading channel as shown in Fig. 1. Each user terminal has a single-antenna while the BS is 

equipped with 𝑚𝑚  antennas and  𝑚𝑚𝑠𝑠 RF chains (𝑚𝑚𝑠𝑠 ≤ 𝑚𝑚), and employs RAS algorithm to select the 

best subset of 𝑚𝑚𝑠𝑠 antennas based on their channel conditions. Perfect channel state information (CSI) 

is assumed at the receive side only with fading rate much less than the data rate. 

For spectrally efficient wireless systems, mobile users of strong channel gains have the priority of 

the available communication links in contrast to those of weak channel conditions. On the other hand, 

to fulfil the requirements of next-generation systems, a reasonable balance between spectral efficiency 

and user-fairness in distributing the system resources among connected users should be maintained 

[27, 35]. Therefore, the allowed users are divided into two MU-MIMO groups based on their received 
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signal power at the BS as: HPG of strong channel users and LPG of weak channel users. Note that 

user grouping can be achieved in practice based on the average signal attenuation represented by the 

path loss for each user which is inversely proportional to the received signal power. These attenuation 

factors are slowly varying and can be simply calculated at the BS during the training phase [36] 

without additional feedback cost. After groups formation and RAS, power-domain NOMA is 

performed between the MU-MIMO signal transmission of HPG and LPG through PA parameter (𝜂𝜂) 

under total received power constraint of  𝑃𝑃 during every symbol period. 

At the BS receiver, low complexity GL-MUD which consists of two linear MUD stages is used for 

the received superimposed signals [5]. First MUD stage is used to estimate HPG signals considering 

the interference from LPG as a background noise, followed by successive interference cancellation 

(SIC) to remove the contribution of HPG from received signal, then the second MUD stage is used for 

estimating LPG signals. Since each of the two MUD stages has a total DoF of 𝑚𝑚𝑠𝑠, the number of 

connected users is upper bounded by 𝐾𝐾 ≤ 2𝑚𝑚𝑠𝑠. Notice that for the generic MU-MIMO system with 

linear MUD, the number of allowed single-antenna users is limited by the available DoF as 𝐾𝐾 ≤ 𝑚𝑚𝑠𝑠, 

and user overloading scenario (in which  𝐾𝐾 > 𝑚𝑚𝑠𝑠) cannot be supported since the overall channel 

matrix becomes noninvertible (i.e. the required DoF for signal detection cannot be fulfilled).  

In GL-MU-MIMO, design criterion for user grouping is performed first by sorting the set of active 

users in ascending order based on their associated path losses ℒ𝑘𝑘 ;𝑘𝑘 = 1, … ,𝐾𝐾 as Σ = [1, 2, … ,𝐾𝐾]. 

Then, HPG set  Σ𝐻𝐻 = [1, 2, … ,𝑇𝑇] is selected from the first 𝑇𝑇 elements (users of highest received 

powers) in Σ to satisfy the channel rank condition (𝑇𝑇 ≤ 𝑚𝑚𝑠𝑠) and preserve the maximum connectivity 

and sum rate as those achieved by the common MU-MIMO with linear MUD. The rest of lowest 

power users 𝑈𝑈 = (𝐾𝐾 − 𝑇𝑇) ≤ 𝑚𝑚𝑠𝑠 in Σ will be included in LPG set Σ𝐿𝐿 = [1, 2, … ,𝑈𝑈] to attain the 

desired user-fairness with acceptable interference level to HPG. This process is repeated whenever the 

users’ path losses changed. Thus, the range of supported users is bounded by 𝑚𝑚𝑠𝑠 < 𝐾𝐾 ≤ 2𝑚𝑚𝑠𝑠, and the 

user overloading (𝑈𝑈) is achieved by sharing the same available DoF (𝑚𝑚𝑠𝑠) for designed groups. In 

other words, reducing the hardware complexity by 𝑈𝑈 costly RF chains. 

2.2. Signal Model 

Considering the designed HPG and LPG and for full complexity system (i.e. 𝑚𝑚 = 𝑚𝑚𝑠𝑠), the 

received signal vector at 𝑚𝑚 receive antennas can be written as  

 𝐫𝐫 = �
𝐠𝐠𝑘𝑘
�ℒ𝑘𝑘

𝑣𝑣𝑘𝑘

𝑇𝑇

𝑘𝑘=1�������
HPG

+ �
𝐠𝐠𝑘𝑘
�ℒ𝑘𝑘

𝑣𝑣𝑘𝑘

𝐾𝐾

𝑘𝑘=𝑇𝑇+1���������
LPG

+ 𝐧𝐧 = �𝐡𝐡𝑘𝑘𝑣𝑣𝑘𝑘

𝑇𝑇

𝑘𝑘=1

+ � 𝐡𝐡𝑘𝑘𝑣𝑣𝑘𝑘

𝐾𝐾

𝑘𝑘=𝑇𝑇+1

+ 𝐧𝐧 (1) 

where 𝐫𝐫 = [𝑟𝑟1 ⋯  𝑟𝑟𝑚𝑚 ]T ∈ 𝒞𝒞𝑚𝑚×1,  𝐠𝐠𝑘𝑘 = [𝑔𝑔1𝑘𝑘  ⋯  𝑔𝑔𝑚𝑚𝑘𝑘 ]T ∈ 𝒞𝒞𝑚𝑚×1  is the Rayleigh fading channel vector 

of user 𝑘𝑘 whose entries are zero mean unit variance complex coefficient between user 𝑘𝑘 and 𝑙𝑙𝑡𝑡ℎ  
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receive antenna, 𝐡𝐡𝑘𝑘 = 𝐠𝐠𝑘𝑘
�ℒ𝑘𝑘

∈ 𝒞𝒞𝑚𝑚×1  is the channel vector of user 𝑘𝑘 with elements  ℎ𝑙𝑙𝑘𝑘 = 𝑥𝑥𝑙𝑙𝑘𝑘 + 𝑗𝑗𝑧𝑧𝑙𝑙𝑘𝑘  of 

Rayleigh distributed envelopes  𝛼𝛼𝑙𝑙𝑘𝑘 = |ℎ𝑙𝑙𝑘𝑘 |  and uniformly distributed phases 𝛽𝛽𝑙𝑙𝑘𝑘 = tan−1(𝑧𝑧𝑙𝑙𝑘𝑘 𝑥𝑥𝑙𝑙𝑘𝑘⁄ ) 

over the interval [0, 2𝜋𝜋], and ℒ𝑘𝑘 = 𝑑𝑑𝑘𝑘𝜗𝜗  is the path loss parameter of user 𝑘𝑘 at distance 𝑑𝑑𝑘𝑘  from the BS 

with path loss exponents 𝜗𝜗 and assumed to be the same for all receive antennas. The in-phase and 

quadrature components (𝑥𝑥𝑙𝑙𝑘𝑘  and 𝑧𝑧𝑙𝑙𝑘𝑘 ) of ℎ𝑙𝑙𝑘𝑘  are Gaussian random processes with zero mean and 

variance of 1 2ℒ𝑘𝑘⁄ , 𝑣𝑣𝑘𝑘  denotes the symbol of user 𝑘𝑘 modulated from equiprobable data 𝑏𝑏𝑘𝑘  with 

transmitted power 𝔼𝔼[𝑣𝑣𝑘𝑘𝑣𝑣𝑘𝑘∗] = 𝑝𝑝𝑘𝑘  subject to maximum power that the user device can handle and/or 

the spectrum regulations allow, and 𝐧𝐧 = [𝑛𝑛1 ⋯  𝑛𝑛𝑚𝑚 ]T ∈ 𝒞𝒞𝑚𝑚×1 is i.i.d complex additive white 

Gaussian noise (AWGN) vector with elements having zero mean and variance 𝜎𝜎𝑛𝑛2. 

Based on the principles of power-domain NOMA [9], the power difference (𝑃𝑃𝑐𝑐)  between received 

signals from HPG and LPG is very essential to manage the inter-group interference and perform 

efficient SIC process [26, 34]. Therefore, the received powers at BS from HPG users (𝑃𝑃𝐻𝐻) and LPG 

users (𝑃𝑃𝐿𝐿) are specified during every symbol period under total power constraint as 𝑃𝑃 = 𝑃𝑃𝐻𝐻 + 𝑃𝑃𝐿𝐿 with 

𝑃𝑃𝐻𝐻 − 𝑃𝑃𝐿𝐿 ≥ 𝑃𝑃𝑐𝑐 . The groups’ powers are maintained through power parameter  0 < 𝜂𝜂 < 0.5 to satisfy 

target users’ rates as 

 𝑃𝑃𝐻𝐻 = (1 − 𝜂𝜂)𝑃𝑃 (2) 

 𝑃𝑃𝐿𝐿 = 𝜂𝜂𝑃𝑃. (3) 

Therefore, the value of 𝜂𝜂 can be found in the range 0 < 𝜂𝜂 ≤ (𝑃𝑃 − 𝑃𝑃𝑐𝑐) 2𝑃𝑃⁄ . For users within each 

group, statistics-aware intra-group power allocation [6] is used to compensate the path loss (large 

scale fading channel) and satisfy the average received power conditions for HPG and LPG as 

{𝑝𝑝𝑘𝑘 = 𝑃𝑃𝐻𝐻ℒ𝑘𝑘 𝑇𝑇⁄  }𝑘𝑘=1
𝑇𝑇  and {𝑝𝑝𝑘𝑘 = 𝑃𝑃𝐿𝐿ℒ𝑘𝑘 𝑈𝑈⁄  }𝑘𝑘=𝑇𝑇+1

𝐾𝐾 , respectively. This strategy has the advantage of 

allowing uniform user performance within each group due to equal average effective channel gain for 

the associated mobile users. 

The overall channel matrix 𝐇𝐇 ∈ 𝒞𝒞𝑚𝑚×𝐾𝐾  of GL-MU-MIMO can be represented as  

    𝐇𝐇 = [𝐇𝐇𝐻𝐻   𝐇𝐇𝐿𝐿] = [𝐡𝐡1  ⋯  𝐡𝐡𝑘𝑘  ⋯  𝐡𝐡𝐾𝐾] = [𝐛𝐛1 ,⋯ ,𝐛𝐛𝑙𝑙  ,⋯ ,𝐛𝐛𝑚𝑚 ]T  (4) 

where 𝐛𝐛𝑙𝑙 ∈ 𝒞𝒞1×𝐾𝐾 represents the 𝑙𝑙𝑡𝑡ℎ  row of 𝐇𝐇 corresponding to 𝑙𝑙𝑡𝑡ℎ  receive antenna, 𝐡𝐡𝑘𝑘 ∈ 𝒞𝒞𝑚𝑚×1 is the 

𝑘𝑘𝑡𝑡ℎ  column of 𝐇𝐇 corresponding to 𝑘𝑘𝑡𝑡ℎ  user, 𝐇𝐇𝐻𝐻 = [𝐡𝐡1  ⋯  𝐡𝐡𝑇𝑇] = �𝐛𝐛1
(𝐻𝐻),⋯ ,𝐛𝐛𝑚𝑚

(𝐻𝐻)�
T
∈ 𝒞𝒞𝑚𝑚×𝑇𝑇  denotes 

the subchannel matrix of HPG users with 𝐛𝐛𝑙𝑙
(𝐻𝐻) ∈ 𝒞𝒞1×𝑇𝑇 as the 𝑙𝑙𝑡𝑡ℎ  row, and 𝐇𝐇𝐿𝐿 = [𝐡𝐡𝑇𝑇+1  ⋯  𝐡𝐡𝐾𝐾] =

�𝐛𝐛1
(𝐿𝐿),⋯ ,𝐛𝐛𝑚𝑚

(𝐿𝐿)�
T
∈ 𝒞𝒞𝑚𝑚×𝑈𝑈 is the subchannel of LPG users with 𝐛𝐛𝑙𝑙

(𝐿𝐿) ∈ 𝒞𝒞1×𝑈𝑈 as the 𝑙𝑙𝑡𝑡ℎ  row. The 

superscripts in  𝐛𝐛𝑙𝑙
(𝐻𝐻) and 𝐛𝐛𝑙𝑙

(𝐿𝐿) stand for HPG and LPG, respectively. 

 



7 
 

Therefore, the signal model (1) can be rewritten as 

 𝐫𝐫 = 𝐇𝐇𝐻𝐻𝐯𝐯𝐻𝐻 + 𝐇𝐇𝐿𝐿𝐯𝐯𝐿𝐿 + 𝐧𝐧 (5) 

where 𝐯𝐯𝐻𝐻 = [𝑣𝑣1  ⋯  𝑣𝑣𝑇𝑇]T ∈ 𝒞𝒞𝑇𝑇×1 and 𝐯𝐯𝐿𝐿 = [𝑣𝑣𝑇𝑇+1  ⋯  𝑣𝑣𝐾𝐾]T ∈ 𝒞𝒞𝑈𝑈×1 are the transmitted signal vectors 

from HPG and LPG, respectively. 

With RAS, the received signal vector 𝐫𝐫� ∈ 𝒞𝒞𝑚𝑚𝑠𝑠×1 associated with the selection of 𝑚𝑚𝑠𝑠  from 𝑚𝑚 

receive antennas can be represented as  

 𝐫𝐫� = ��̆�𝐡𝑘𝑘𝑣𝑣𝑘𝑘

𝑇𝑇

𝑘𝑘=1�������
HPG

+ � �̆�𝐡𝑘𝑘𝑣𝑣𝑘𝑘

𝐾𝐾

𝑘𝑘=𝑇𝑇+1�������
LPG

+ 𝐧𝐧� = 𝐇𝐇�𝐻𝐻𝐯𝐯𝐻𝐻 + 𝐇𝐇�𝐿𝐿𝐯𝐯𝐿𝐿 + 𝐧𝐧� (6) 

where �̆�𝐡𝑘𝑘 ∈ 𝒞𝒞𝑚𝑚𝑠𝑠×1 and 𝐧𝐧� ∈ 𝒞𝒞𝑚𝑚𝑠𝑠×1 denote  𝑘𝑘𝑡𝑡ℎ  user channel and noise vectors after selection, 

respectively, 𝐇𝐇�𝐻𝐻 ∈ 𝒞𝒞𝑚𝑚𝑠𝑠×𝑇𝑇  and 𝐇𝐇�𝐿𝐿 ∈ 𝒞𝒞𝑚𝑚𝑠𝑠×𝑈𝑈 are HPG and LPG subchannels associated with RAS, 

respectively and can be used to characterize the overall channel matrix as  𝐇𝐇� = �𝐇𝐇�𝐻𝐻   𝐇𝐇�𝐿𝐿� ∈ 𝒞𝒞𝑚𝑚𝑠𝑠×𝐾𝐾. 

3. Channel Capacity Analysis 

3.1. Sum Rate Capacity 

The sum rate capacity of GL-MU-MIMO without RAS can be represented in terms of the 

achievable sum rates of HPG (𝑅𝑅𝐻𝐻) and LPG (𝑅𝑅𝐿𝐿) as 

𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚 = 𝑅𝑅𝐻𝐻 + 𝑅𝑅𝐿𝐿 = �𝑅𝑅𝑘𝑘

𝑇𝑇

𝑘𝑘=1���
HPG

+ � 𝑅𝑅𝑘𝑘

𝐾𝐾

𝑘𝑘=𝑇𝑇+1�������
LPG

 (7) 

where 𝑅𝑅𝑘𝑘 ≥ 𝑅𝑅0 is the achievable rate of 𝑘𝑘𝑡𝑡ℎ  user within HPG (or LPG) according to the allocated 

transmit power through power control 𝜂𝜂, and 𝑅𝑅0 stands for the minimum user rate constraint. Notice 

that users in each group will have equal rate distribution due to their equal average effective channel 

gains achieved by the adopted intra-group power allocation strategy (i.e. 𝑅𝑅1 = 𝑅𝑅2 = ⋯ = 𝑅𝑅𝑇𝑇  for HPG 

users and 𝑅𝑅𝑇𝑇+1 = 𝑅𝑅𝑇𝑇+2 = ⋯ = 𝑅𝑅𝐾𝐾  for LPG users). Thus, the sum rate constraint for HPG and LPG 

are represented as  ∑ 𝑅𝑅𝑘𝑘𝑇𝑇
𝑘𝑘=1 ≥ 𝑇𝑇𝑅𝑅0  and  ∑ 𝑅𝑅𝑘𝑘𝐾𝐾

𝑘𝑘=𝑇𝑇+1 ≥ 𝑈𝑈𝑅𝑅0, respectively. 

Based on the channel capacity of uplink MU-MIMO [37, 38], the sum rate of considered signal 

model (1) of GL-MU-MIMO without RAS can be given for constant channel realization as 

 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚 ≤ log2 �𝐈𝐈𝑚𝑚 +
1
𝜎𝜎𝑛𝑛2

�𝐡𝐡𝑘𝑘𝑝𝑝𝑘𝑘𝐡𝐡𝑘𝑘H
𝑇𝑇

𝑘𝑘=1

+
1
𝜎𝜎𝑛𝑛2

� 𝐡𝐡𝑘𝑘𝑝𝑝𝑘𝑘𝐡𝐡𝑘𝑘H
𝐾𝐾

𝑘𝑘=𝑇𝑇+1

� . (8) 

Using (2) and (3) of the allocated powers for HPG and LPG, the above equation can be written in 

terms of  𝜂𝜂 as 
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 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚 ≤ log2 �𝐈𝐈𝑚𝑚 + Γ �
1 − 𝜂𝜂
𝑇𝑇

�𝐡𝐡𝑘𝑘𝐡𝐡𝑘𝑘H
𝑇𝑇

𝑘𝑘=1

+
𝜂𝜂
𝑈𝑈

� 𝐡𝐡𝑘𝑘𝐡𝐡𝑘𝑘H
𝐾𝐾

𝑘𝑘=𝑇𝑇+1

�� (9) 

where Γ = 𝑃𝑃/𝜎𝜎𝑛𝑛2 is average SNR at each receive branch. In terms of 𝐇𝐇𝐻𝐻 and 𝐇𝐇𝐿𝐿, the sum rate 

expression can be further simplified to 

 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚 ≤ log2 �𝐈𝐈𝑚𝑚 + Γ �
1 − 𝜂𝜂
𝑇𝑇 �𝐇𝐇𝐻𝐻𝐇𝐇𝐻𝐻

H� +
𝜂𝜂
𝑈𝑈 �

𝐇𝐇𝐿𝐿𝐇𝐇𝐿𝐿
H��� . (10) 

For the considered system with RAS, the sum rate capacity 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠  can be maximized as 

 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 ≤ max
𝓈𝓈𝑖𝑖∈𝕊𝕊

�log2 �𝐈𝐈𝑚𝑚𝑠𝑠 + Γ �
1− 𝜂𝜂
𝑇𝑇

�𝐇𝐇�𝐻𝐻(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐻𝐻H(𝓈𝓈𝑖𝑖)� +
𝜂𝜂
𝑈𝑈
�𝐇𝐇�𝐿𝐿(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐿𝐿H (𝓈𝓈𝑖𝑖)���� (11) 

where the maximization process is performed over selected subset of receive antennas 𝓈𝓈𝑖𝑖 ∈ 𝕊𝕊 where 

𝕊𝕊 = �𝓈𝓈1, … , 𝓈𝓈𝑖𝑖 , … , 𝓈𝓈|𝕊𝕊|� denotes the set of all possible antenna subsets with cardinality of |𝕊𝕊| = �
𝑚𝑚
𝑚𝑚𝑠𝑠
�. 

𝐇𝐇�𝐻𝐻(𝓈𝓈𝑖𝑖) and 𝐇𝐇�𝐿𝐿(𝓈𝓈𝑖𝑖) are the associated channel matrices of HPG and LPG with RAS according to 

selected subset 𝓈𝓈𝑖𝑖 , respectively. 

3.2. Capacity Region 

Considering the sum rates of designed groups, 𝑅𝑅𝐻𝐻  and 𝑅𝑅𝐿𝐿, capacity region of GL-MU-MIMO 

system without RAS and for constant channel realization can be represented based on (10) and the 

capacity equations of two user uplink MU-MIMO [37] as the set of all sum rates (𝑅𝑅𝐻𝐻 , 𝑅𝑅𝐿𝐿) satisfying 

the following constraints 

 𝑅𝑅𝐻𝐻 ≤ log2 �𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐻𝐻
𝜎𝜎𝑛𝑛2𝑇𝑇

�𝐇𝐇𝐻𝐻𝐇𝐇𝐻𝐻
H�� (12) 

 𝑅𝑅𝐿𝐿 ≤ log2 �𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐿𝐿
𝜎𝜎𝑛𝑛2𝑈𝑈

�𝐇𝐇𝐿𝐿𝐇𝐇𝐿𝐿
H�� (13) 

 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚 = 𝑅𝑅𝐻𝐻 + 𝑅𝑅𝐿𝐿 ≤ log2 �𝐈𝐈𝑚𝑚 +
1
𝜎𝜎𝑛𝑛2

�
𝑃𝑃𝐻𝐻
𝑇𝑇 �𝐇𝐇𝐻𝐻𝐇𝐇𝐻𝐻

H� +
𝑃𝑃𝐿𝐿
𝑈𝑈 �𝐇𝐇𝐿𝐿𝐇𝐇𝐿𝐿

H��� . (14) 

The capacity region is demonstrated in Fig. 2 where the maximum rate points 𝑅𝑅𝐻𝐻(A1) and 𝑅𝑅𝐿𝐿(B1) 

for HPG and LPG respectively, can be achieved as if the other group is absent from the system (see 

constraints (12) and (13)). On the other hand, constraint (14) demonstrate the achievable sum rate of 

the system when users of both groups are communicating simultaneously with the BS receiver. By 

employing GL-MUD, the corner sum rate point B = (𝑅𝑅𝐻𝐻(B),𝑅𝑅𝐿𝐿(B)) can be achieved where HPG 

signals are decoded first with the presence of interference from LPG followed by SIC to decode LPG 

signals. Therefore, the achievable sum rates of the optimal operating point B are given as 
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  𝑅𝑅𝐻𝐻(B) = log2 �𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐻𝐻
𝜎𝜎𝑛𝑛2𝑇𝑇

�𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐿𝐿
𝜎𝜎𝑛𝑛2𝑈𝑈

�𝐇𝐇𝐿𝐿𝐇𝐇𝐿𝐿
H��

−1

�𝐇𝐇𝐻𝐻𝐇𝐇𝐻𝐻
H�� (15) 

 
𝑅𝑅𝐿𝐿(B) = log2 �𝐈𝐈𝑚𝑚 +

𝑃𝑃𝐿𝐿
𝜎𝜎𝑛𝑛2𝑈𝑈

�𝐇𝐇𝐿𝐿𝐇𝐇𝐿𝐿
H��. (16) 

Therefore, point B can be used efficiently to characterize the optimal tradeoff between achievable sum 

capacity, groups’ sum rates through  𝜂𝜂, and user overloading 𝑈𝑈 (i.e. size of LPG).  

Notice that if the detection process is reversed by decoding LPG signals first with the presence of 

HPG interference, and followed by SIC process to decode HPG signals (for the completeness of 

capacity region but not realistic), the other sum rate point A = (𝑅𝑅𝐻𝐻(A),𝑅𝑅𝐿𝐿(A)) can be achieved as 

 𝑅𝑅𝐻𝐻(A) = log2 �𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐻𝐻
𝜎𝜎𝑛𝑛2𝑇𝑇

�𝐇𝐇𝐻𝐻𝐇𝐇𝐻𝐻
H�� (17) 

 
𝑅𝑅𝐿𝐿(A) = log2 �𝐈𝐈𝑚𝑚 +

𝑃𝑃𝐿𝐿
𝜎𝜎𝑛𝑛2𝑈𝑈

�𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐻𝐻
𝜎𝜎𝑛𝑛2𝑇𝑇

�𝐇𝐇𝐻𝐻𝐇𝐇𝐻𝐻
H��

−1

�𝐇𝐇𝐿𝐿𝐇𝐇𝐿𝐿
H��. (18) 

Besides, all other sum rate points on the line AB���� can be realized using SIC with additional time or 

frequency sharing strategies.  

When RAS of subset 𝓈𝓈𝑖𝑖 ∈ 𝕊𝕊  is utilized, the associated capacity region can be given as the set of all 

sum rates (𝑅𝑅𝐻𝐻𝑠𝑠 ,𝑅𝑅𝐿𝐿𝑠𝑠) satisfying the following constraints 

𝑅𝑅𝐻𝐻𝑠𝑠 ≤ max
𝓈𝓈𝑖𝑖∈𝕊𝕊

�log2 �𝐈𝐈𝑚𝑚𝑠𝑠 +
𝑃𝑃𝐻𝐻
𝜎𝜎𝑛𝑛2𝑇𝑇

�𝐇𝐇�𝐻𝐻(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐻𝐻H(𝓈𝓈𝑖𝑖)��� (19) 

𝑅𝑅𝐿𝐿𝑠𝑠 ≤ max
𝓈𝓈𝑖𝑖∈𝕊𝕊

�log2 �𝐈𝐈𝑚𝑚𝑠𝑠 +
𝑃𝑃𝐿𝐿
𝜎𝜎𝑛𝑛2𝑈𝑈

�𝐇𝐇�𝐿𝐿(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐿𝐿H (𝓈𝓈𝑖𝑖)��� (20) 

𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 = 𝑅𝑅𝐻𝐻𝑠𝑠 + 𝑅𝑅𝐿𝐿𝑠𝑠 ≤ max
𝓈𝓈𝑖𝑖∈𝕊𝕊

�log2 �𝐈𝐈𝑚𝑚𝑠𝑠 +
1
𝜎𝜎𝑛𝑛2

�
𝑃𝑃𝐻𝐻
𝑇𝑇
�𝐇𝐇�𝐻𝐻(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐻𝐻H(𝓈𝓈𝑖𝑖)�+

𝑃𝑃𝐿𝐿
𝑈𝑈
�𝐇𝐇�𝐿𝐿(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐿𝐿H (𝓈𝓈𝑖𝑖)����. (21) 

Therefore, the operating sum rate point associated with RAS, B́ = �𝑅𝑅𝐻𝐻𝑠𝑠 �B́�, 𝑅𝑅𝐿𝐿𝑠𝑠(B́)�, and the other 

corner point,  Á = �𝑅𝑅𝐻𝐻𝑠𝑠 (Á),𝑅𝑅𝐿𝐿𝑠𝑠(Á)�, can be written as 

𝑅𝑅𝐻𝐻𝑠𝑠 (B́) = max
𝓈𝓈𝑖𝑖∈𝕊𝕊

�log2 �𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐻𝐻
𝜎𝜎𝑛𝑛2𝑇𝑇

�𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐿𝐿
𝜎𝜎𝑛𝑛2𝑈𝑈

�𝐇𝐇�𝐿𝐿(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐿𝐿H(𝓈𝓈𝑖𝑖)��
−1

�𝐇𝐇�𝐻𝐻(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐻𝐻H(𝓈𝓈𝑖𝑖)��� (22) 

𝑅𝑅𝐿𝐿𝑠𝑠(B́) = max
𝓈𝓈𝑖𝑖∈𝕊𝕊

�log2 �𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐿𝐿
𝜎𝜎𝑛𝑛2𝑈𝑈

�𝐇𝐇�𝐿𝐿(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐿𝐿H (𝓈𝓈𝑖𝑖)��� (23) 

𝑅𝑅𝐻𝐻𝑠𝑠 (Á) = max
𝓈𝓈𝑖𝑖∈𝕊𝕊

�log2 �𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐻𝐻
𝜎𝜎𝑛𝑛2𝑇𝑇

�𝐇𝐇�𝐻𝐻(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐻𝐻H(𝓈𝓈𝑖𝑖)��� (24) 

𝑅𝑅𝐿𝐿𝑠𝑠�Á� = max
𝓈𝓈𝑖𝑖∈𝕊𝕊

�log2 �𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐿𝐿
𝜎𝜎𝑛𝑛2𝑈𝑈

�𝐈𝐈𝑚𝑚 +
𝑃𝑃𝐻𝐻
𝜎𝜎𝑛𝑛2𝑇𝑇

�𝐇𝐇�𝐻𝐻(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐻𝐻H(𝓈𝓈𝑖𝑖)��
−1

�𝐇𝐇�𝐿𝐿(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐿𝐿H (𝓈𝓈𝑖𝑖)���. (25) 
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Figure 2.  Capacity region of GL-MU-MIMO without RAS using (14)-(18). Similar figure when RAS is 

employed can be found using (21)-(25). 

4. RAS Techniques 
For spatial multiplexing MU-MIMO channels with AS diversity, different algorithms have been 

suggested in the literature to select the best subset of antennas based on highest received power [15, 

21-23] or maximum channel capacity [17-20]. The later approach is well known to achieve optimal/ 

near-optimal performance compared with the former at cost of high computational complexity due to 

exhaustive search requirements for antenna subset selection [13]. Though, some interesting results 

have been presented for power-based selection (PBS) over realistic propagation environment, 

indicating very close performance to that of near-optimal capacity-based selection (CBS) techniques 

[22]. In [5], a sub-optimal generalized norm based selection (GNBS) algorithm is designed for GL-

MU-MIMO by utilizing the rows of overall channel matrix 𝐇𝐇 = [𝐛𝐛1,⋯ ,𝐛𝐛𝑙𝑙 ,⋯ ,𝐛𝐛𝑚𝑚 ]T ∈ 𝒞𝒞𝑚𝑚×𝐾𝐾 with 

largest Euclidean norms ‖𝐛𝐛𝑙𝑙‖2 to maximize the received signal-to-noise ratio (SNR). It has a low 

complexity of  𝒪𝒪(𝐾𝐾𝑚𝑚) due to vector norm calculations of all rows 𝐛𝐛𝑙𝑙 ∈ 𝒞𝒞1×𝐾𝐾; 𝑙𝑙 = 1, … ,𝑚𝑚  compared 

with the CBS methods. In [16], near-optimal phase difference based selection (PDBS) is proposed for 

RAS by employing the Euclidean norm of overall channel matrix rows (‖𝐛𝐛𝑙𝑙‖2; 𝑙𝑙 = 1, … ,𝑚𝑚) and 

corresponding phases of associated elements to maximize the capacity with considerably low 

complexity of 𝒪𝒪(𝐾𝐾2𝑚𝑚) vector computations compared with the optimal CBS techniques [18, 20]. It 

should be noted that the considered RAS techniques employ the system channel matrix 𝐇𝐇 of 

composite instantaneous fading elements (small scale Rayleigh fading and path loss) to maximize the 

received power at BS. 
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In the following subsection, two sub-optimal and computationally efficient power-based RAS 

algorithms are developed to maximize the sum rate (𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 ) by selecting the superlative subset of 𝑚𝑚𝑠𝑠 

from 𝑚𝑚 receive antennas as 𝓈𝓈𝑖𝑖 ∈ 𝕊𝕊. The enlargements of groups’ sum rates (𝑅𝑅𝐻𝐻𝑠𝑠  and 𝑅𝑅𝐿𝐿𝑠𝑠) will enhanced 

the user’s rate (QoS) for connected users within each group. Note that for the designed algorithms, the 

groups formation (HPG and LPG) are obtained in advance. In addition, sorting processes for user 

grouping and RAS algorithms based on the fading channel realizations will not require any processing 

latency compared with the traditional MIMO, particularly with assumption of much less fading rate 

than the data rate and the huge processing capabilities of modern BSs. 

4.1. Low Complexity RAS Algorithms 

HPG-PBS scheme: In GL-MU-MIMO system, the most received power is due to HPG contribution 

controlled by 𝜂𝜂, and thus HPG channel 𝐇𝐇𝐻𝐻 has the main impact on the PBS process. Therefore, HPG-

PBS scheme is designed in Algorithm 1 for RAS by exploiting the corresponding rows of 𝐇𝐇𝐻𝐻 =

�𝐛𝐛1
(𝐻𝐻),⋯ ,𝐛𝐛𝑚𝑚

(𝐻𝐻)�
T
∈ 𝒞𝒞𝑚𝑚×𝑇𝑇  with the largest Euclidean norms �𝐛𝐛𝑙𝑙

(𝐻𝐻)�
2
 to further reduce the 

computational complexity which is very important in massive antenna systems [22]. 

HPG-PDBS scheme: The adopted approach in PDBS is developed in Algorithm 2 to further 

improve the performance of HPG-PBS criterion at cost of extra computations, and referred to as 

HPG-PDBS scheme. For this purpose and considering HPG subchannel 𝐇𝐇𝐻𝐻, lets define the phase 

difference vector 𝜽𝜽𝑙𝑙 ∈ ℛ
1×�𝑇𝑇2�  associated with 𝑙𝑙𝑡𝑡ℎ  row as 

 𝜽𝜽𝑙𝑙 = �𝜃𝜃𝑙𝑙(ℎ𝑙𝑙𝑖𝑖 ,ℎ𝑙𝑙𝑗𝑗 )�
𝑖𝑖,𝑗𝑗=1; 𝑖𝑖≠𝑗𝑗
𝑇𝑇     ;    𝑙𝑙 = 1, … ,𝑚𝑚 (26) 

where 𝜃𝜃𝑙𝑙(ℎ𝑙𝑙𝑖𝑖 ,ℎ𝑙𝑙𝑗𝑗 ) is the phase difference between 𝑖𝑖𝑡𝑡ℎ  and 𝑗𝑗𝑡𝑡ℎ  entries in  𝑙𝑙𝑡𝑡ℎ  row of  𝐇𝐇𝐻𝐻 and given by 

 𝜃𝜃𝑙𝑙�ℎ𝑙𝑙𝑖𝑖 ,ℎ𝑙𝑙𝑗𝑗 � = min�abs�𝛽𝛽𝑙𝑙𝑖𝑖 − 𝛽𝛽𝑙𝑙𝑗𝑗 � , 2𝜋𝜋 − abs�𝛽𝛽𝑙𝑙𝑖𝑖 − 𝛽𝛽𝑙𝑙𝑗𝑗 ��. (27) 

In this case, 𝑙𝑙𝑡𝑡ℎ  receive antenna can be selected if satisfies the associated optimal phase difference 

vector as 𝜽𝜽𝑙𝑙 → �́�𝜽𝑙𝑙 = ��́�𝜃𝑙𝑙(ℎ𝑙𝑙𝑖𝑖 ,ℎ𝑙𝑙𝑗𝑗 )�
𝑖𝑖,𝑗𝑗=1; 𝑖𝑖≠𝑗𝑗
𝑇𝑇  with elements �́�𝜃𝑙𝑙  lies in the mid of allowed phase interval 

(refer to [16] for more details). Consequently, HPG-PDBS algorithm performs receive antenna subset 

selection based on the largest norms �𝐛𝐛𝑙𝑙
(𝐻𝐻)�

2
;∀𝑙𝑙 = 1, … ,𝑚𝑚 and the best 𝜽𝜽𝑙𝑙 → �́�𝜽𝑙𝑙 ;∀𝑙𝑙 = 1, … ,𝑚𝑚 to 

maximize the sum rate capacity with significantly less computational complicity compared with the 

existing PDBS [16] and CBS [17-20]. The reduced complexity by employing this simplified approach 

is of high importance for massive MIMO systems [22]. For instance, a simple binary RF switches are 

utilized in [22, 23] to mitigate the high complexity of existing antennas selection methods over 

realistic propagation environment. 
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Algorithm 1.  HPG-PBS scheme 

Input:  𝑚𝑚𝑠𝑠  , 𝑚𝑚, 𝐾𝐾,  𝐇𝐇𝐻𝐻 = �𝐛𝐛1
(𝐻𝐻),⋯ ,𝐛𝐛𝑚𝑚

(𝐻𝐻)�
T
∈ 𝒞𝒞𝑚𝑚×𝑇𝑇 , and  𝐇𝐇𝐿𝐿 = �𝐛𝐛1

(𝐿𝐿),⋯ ,𝐛𝐛𝑚𝑚
(𝐿𝐿)�

T
∈ 𝒞𝒞𝑚𝑚×𝑈𝑈 . 

1:  Define the set of all receive antennas as Ψ = [1, … ,𝑚𝑚]  with 𝑙𝑙 ∈ Ψ indicating 𝑙𝑙𝑡𝑡ℎ  antenna. 

2:  Calculate the power of 𝑙𝑙𝑡𝑡ℎ  row 𝐛𝐛𝑙𝑙
(𝐻𝐻) in  𝐇𝐇𝐻𝐻  related to 𝑙𝑙𝑡𝑡ℎ  receive antenna as �𝐛𝐛𝑙𝑙

(𝐻𝐻)�
2
. 

3:  Sort the elements of  Ψ according to their associated powers in descending order. 

4:  Choose the first 𝑚𝑚𝑠𝑠 elements in Ψ which represent the best subset of antennas with highest powers. 

5: Construct the subchannel matrices of HPG and LPG associated with RAS as 𝐇𝐇�𝐻𝐻 ∈ 𝒞𝒞𝑚𝑚𝑠𝑠×𝑇𝑇  and  

𝐇𝐇�𝐿𝐿 ∈ 𝒞𝒞𝑚𝑚𝑠𝑠×𝑈𝑈 , respectively. 

Output:  𝐇𝐇�𝐻𝐻  and  𝐇𝐇�𝐿𝐿. 

 

 

 

Algorithm 2.  HPG-PDBS scheme 

Input:  𝑚𝑚𝑠𝑠  , 𝑚𝑚, 𝐾𝐾,  𝐇𝐇𝐻𝐻 = �𝐛𝐛1
(𝐻𝐻),⋯ ,𝐛𝐛𝑚𝑚

(𝐻𝐻)�
T
∈ 𝒞𝒞𝑚𝑚×𝑇𝑇 , and  𝐇𝐇𝐿𝐿 = �𝐛𝐛1

(𝐿𝐿),⋯ ,𝐛𝐛𝑚𝑚
(𝐿𝐿)�

T
∈ 𝒞𝒞𝑚𝑚×𝑈𝑈 . 

1:  Define the set of all receive antennas as Ψ = [1, … ,𝑚𝑚] with 𝑙𝑙 ∈ Ψ indicating 𝑙𝑙𝑡𝑡ℎ  antenna. 

2:  For each row 𝐛𝐛𝑙𝑙
(𝐻𝐻); 𝑙𝑙 = 1, … ,𝑚𝑚  in 𝐇𝐇𝐻𝐻 , find the power related to 𝑙𝑙𝑡𝑡ℎ  receive antenna as �𝐛𝐛𝑙𝑙

(𝐻𝐻)�
2
and 

the corresponding phase difference vector 𝜽𝜽𝑙𝑙 . 

3:  Use the set Ψ to construct two subsets of receive antennas as Ψ𝑎𝑎  from those satisfying 𝜽𝜽𝑙𝑙 → �́�𝜽𝑙𝑙  and 

Ψ𝑏𝑏  from the rest elements. 

4:  Sort the elements of  Ψ𝑎𝑎  and Ψ𝑏𝑏  according to their associated powers in descending order. 

5: Choose the first 𝑚𝑚𝑠𝑠 elements in Ψ𝑎𝑎  as the best subset of antennas with highest power contributions. If 

the number of elements in Ψ𝑎𝑎  is less than 𝑚𝑚𝑠𝑠, complete the selection process from Ψ𝑏𝑏 . 

6: Construct the subchannel matrices of HPG and LPG associated with RAS as 𝐇𝐇�𝐻𝐻 ∈ 𝒞𝒞𝑚𝑚𝑠𝑠×𝑇𝑇  and  

𝐇𝐇�𝐿𝐿 ∈ 𝒞𝒞𝑚𝑚𝑠𝑠×𝑈𝑈 , respectively. 

Output:  𝐇𝐇�𝐻𝐻  and  𝐇𝐇�𝐿𝐿. 

 

4.2. Complexity Analysis 

In this subsection, the computational complexity of proposed RAS algorithms is demonstrated 

compared with the existing GNBS [5], PDBS [16], and CBS [20] methods considering total number 

of 𝐾𝐾 transmit antennas, 𝑚𝑚 receive antennas, and 𝑚𝑚𝑠𝑠 RF chains. For this purpose, it should be noted 

that each multiplication process of any two matrices, 𝐀𝐀 ∈ 𝒞𝒞𝑁𝑁×𝑁𝑁 and 𝐁𝐁 ∈ 𝒞𝒞𝑁𝑁×𝑁𝑁, involves 𝑁𝑁3 

calculations while the inverse operation of a matrix 𝐀𝐀 requires Cholesky or Eigenvalue decomposition 

of 𝑁𝑁3 6⁄  computations [39]. 
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At first, we present the required complexity for the optimal CBS using the sum rate capacity (11). 

In this method, obtaining �𝐇𝐇�𝐻𝐻(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐻𝐻H(𝓈𝓈𝑖𝑖)� and �𝐇𝐇�𝐿𝐿(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐿𝐿H (𝓈𝓈𝑖𝑖)� terms involve 𝒪𝒪(𝑚𝑚𝑠𝑠
3) computations 

over all possible 𝑚𝑚! {𝑚𝑚𝑠𝑠!  (𝑚𝑚−𝑚𝑚𝑠𝑠)!}⁄  combinations of 𝓈𝓈𝑖𝑖 ∈ 𝕊𝕊; 𝑖𝑖 = 1, … , |𝕊𝕊|. Therefore, a massive 

computational efforts on the matrix level is needed with 𝒪𝒪(𝑚𝑚𝑠𝑠
3 𝑚𝑚! {𝑚𝑚𝑠𝑠! (𝑚𝑚 −𝑚𝑚𝑠𝑠)!}⁄ ).  

For HPG-PBS algorithm, an improved low complexity of  𝒪𝒪(𝑇𝑇𝑚𝑚) is achieved due to 𝑇𝑇 vector 

norm calculations associated with the HPG channel matrix of  𝑚𝑚 rows. On the other hand, HPG-

PDBS algorithm requires also 𝑇𝑇𝑚𝑚 vector norm computations in addition to 𝑚𝑚(𝑇𝑇! {2! (𝑇𝑇 − 2)!}⁄ ) 

calculations for each associated phased difference vector of �𝑇𝑇2�  elements. As a result, total 

calculations of  𝑚𝑚(𝑇𝑇2 + 𝑇𝑇)/2 on the vector level is required with slight increase in complexity of 

𝒪𝒪(𝑇𝑇2𝑚𝑚). Note that the number 𝑇𝑇 = 𝑚𝑚𝑠𝑠 is typically much less than 𝑚𝑚 in GL-MU-MIMO system and 

thus has direct impact on reducing the complexity of proposed algorithms. 

In Table 1, summary of the computational efforts are shown where it should be noted that the main 

complexity burden of CBS comes from matrix rather than vector calculations used in proposed 

algorithms. Furthermore, the complexity of the HPG-PBS and HPG-PDBS is significantly less than 

GNBS and PDBS, respectively due to employment of HPG channel rather than the overall system 

channel. This will enable an important tradeoff between system complexity and achieved capacity. 

 

TABLE 1. Complexity comparison of the proposed HPG-PBS and HPG-PDBS algorithms compared with the 
GNBS, PDBS, and CBS techniques. 

Algorithm Calculations Type Computational Efforts 

HPG-PBS Vector Calculations 𝒪𝒪(𝑇𝑇𝑚𝑚) 

HPG-PDBS Vector Calculations 𝒪𝒪(𝑇𝑇2𝑚𝑚) 

GNBS Vector Calculations 𝒪𝒪(𝐾𝐾𝑚𝑚) 

PDBS Vector Calculations 𝒪𝒪(𝐾𝐾2𝑚𝑚) 

CBS Matrix Calculations 𝒪𝒪(𝑚𝑚𝑠𝑠
3 𝑚𝑚! {𝑚𝑚𝑠𝑠!  (𝑚𝑚 −𝑚𝑚𝑠𝑠)!}⁄ ) 

 

 

 

5. Dynamic User Grouping, RAS, and PA Scheme 

5.1. Problem Formulation 

To optimize the performance of GL-MU-MIMO system of randomly deployed mobile users, we 

propose a dynamic user grouping, RAS, and PA (DUG-RAS-PA) strategy based on the following 

power and minimum user rate constraints: 
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C1:  𝑃𝑃 = �  
𝑝𝑝𝑘𝑘
ℒ𝑘𝑘

𝐾𝐾

𝑘𝑘=1

= �  
𝑝𝑝𝑘𝑘
ℒ𝑘𝑘

𝑇𝑇

𝑘𝑘=1�����
𝑃𝑃𝐻𝐻=(1−𝜂𝜂)𝑃𝑃

+ �  
𝑝𝑝𝑘𝑘
ℒ𝑘𝑘

𝐾𝐾

𝑘𝑘=𝑇𝑇+1�������
𝑃𝑃𝐿𝐿=𝜂𝜂𝑃𝑃

 (28) 

C2:   𝑃𝑃𝐻𝐻 − 𝑃𝑃𝐿𝐿 = (1 − 2𝜂𝜂)𝑃𝑃 ≥ 𝑃𝑃𝑐𝑐   (29) 

C3:   𝑅𝑅𝑘𝑘𝑠𝑠 ≥ 𝑅𝑅0 ;𝑘𝑘 = 1,2, … ,𝐾𝐾 (31) 

where constraint C1 is used for the total received power 𝑃𝑃 at the BS receiver from HPG and LPG 

users, C2 warrants the necessary minimum power difference 𝑃𝑃𝑐𝑐  (between 𝑃𝑃𝐻𝐻  and 𝑃𝑃𝐿𝐿) to carry out 

successful SIC and handle the inherent inter-cluster interference, C3 is used to assure the minimum 

achievable user rate 𝑅𝑅𝑘𝑘𝑠𝑠 ;𝑘𝑘 = 1, … ,𝐾𝐾 associated with RAS.  

To maximize the system sum rate under constraints C1− C3, the optimization problem can be 

formulated based on the operating point  B́ = �𝑅𝑅𝐻𝐻𝑠𝑠 �B́�, 𝑅𝑅𝐿𝐿𝑠𝑠(B́)� on the capacity region and for each 

fading channel realization as 

max 
𝑇𝑇≥𝑈𝑈;
𝓈𝓈𝑖𝑖∈𝕊𝕊  

log2 �𝐈𝐈𝑚𝑚 +
(1 − 𝜂𝜂)𝑃𝑃
𝜎𝜎𝑛𝑛2𝑇𝑇

�𝐈𝐈𝑚𝑚 +
𝜂𝜂𝑃𝑃
𝜎𝜎𝑛𝑛2𝑈𝑈

�𝐇𝐇�𝐿𝐿(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐿𝐿H(𝓈𝓈𝑖𝑖)��
−1

�𝐇𝐇�𝐻𝐻(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐻𝐻H(𝓈𝓈𝑖𝑖)��
���������������������������������������������

𝑅𝑅𝐻𝐻
𝑠𝑠

+  log2 �𝐈𝐈𝑚𝑚 +
𝜂𝜂𝑃𝑃
𝜎𝜎𝑛𝑛2𝑈𝑈

�𝐇𝐇�𝐿𝐿(𝓈𝓈𝑖𝑖)𝐇𝐇�𝐿𝐿H (𝓈𝓈𝑖𝑖)�����������������������
𝑅𝑅𝐿𝐿
𝑠𝑠

 

subject to: C1 − C3.  

(32) 

It should be noted that a closed-form expression for the optimal PA parameter (𝜂𝜂∗) is very difficult to 

be derived owing to the determinants in 𝑅𝑅𝐻𝐻𝑠𝑠  and 𝑅𝑅𝐿𝐿𝑠𝑠, interference part in 𝑅𝑅𝐻𝐻𝑠𝑠 , and RAS procedure. 

Consequently, a search for the optimal parameter is required based on C1 and C2  over the range 

0 < 𝜂𝜂 ≤ (𝑃𝑃 − 𝑃𝑃𝑐𝑐) 2𝑃𝑃⁄  using 𝛥𝛥 division steps of equal sizes 𝛿𝛿 = (𝑃𝑃 − 𝑃𝑃𝑐𝑐) 2𝑃𝑃𝛥𝛥⁄ .   

5.2. Proposed DUG-RAS-PA Algorithm 

A generalized DUG-RAS-PA scheme is proposed in Algorithm 3 to maximize the sum rate 

capacity (32). In this scheme, user grouping is performed first to find the HPG set Σ𝐻𝐻  and LPG set Σ𝐿𝐿 

based on the users’ channel path losses, followed by any of the adopted RAS techniques (HPG-PBS 

or HPG-PDBS) to choose the best subset 𝓈𝓈𝑙𝑙 ∈ 𝒮𝒮 of receive antennas and then, search for the optimal 

PA parameter is used to maximize (32). The selected parameters 𝐇𝐇𝐻𝐻, 𝐇𝐇𝐿𝐿, 𝐇𝐇�𝐻𝐻, 𝐇𝐇�𝐿𝐿, and 𝜂𝜂∗ will be 

dynamically updated whenever the users’ channel realizations  𝐡𝐡𝑘𝑘 ;𝑘𝑘 = 1, … ,𝐾𝐾  changed. 
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Algorithm 3.  DUG-RAS-PA scheme 

Input:  𝑚𝑚, 𝑚𝑚𝑠𝑠, 𝐾𝐾, 𝑃𝑃, 𝑃𝑃𝑐𝑐 , 𝜎𝜎𝑛𝑛2, 𝛥𝛥, 𝑅𝑅0, and  𝐡𝐡𝑘𝑘 = 𝐠𝐠𝑘𝑘 �ℒ𝑘𝑘⁄ ;  𝑘𝑘 = 1, … ,𝐾𝐾. 

1: Define  Σ = [1, 2, … ,𝐾𝐾] as the set of all active mobile users, sorted according to their channel path 
losses in ascending order, i.e.  ℒ1 < ℒ2 < ⋯ < ℒ𝐾𝐾 . 

User Grouping: 

2: Construct the set Σ𝐻𝐻 = [1,2, … ,𝑇𝑇] of HPG users from the first 𝑇𝑇 elements in Σ, and use the other 
elements to configure the set of LPG users as  Σ𝐿𝐿 = [1,2, … ,𝑈𝑈]. 

3: Configure HPG and LPG channel matrices associated with user grouping as 𝐇𝐇𝐻𝐻 = �𝐛𝐛1
(𝐻𝐻),⋯ ,𝐛𝐛𝑚𝑚

(𝐻𝐻)�
T
 

and  𝐇𝐇𝐿𝐿 = �𝐛𝐛1
(𝐿𝐿),⋯ ,𝐛𝐛𝑚𝑚

(𝐿𝐿)�
T
, respectively. 

4: Construct the overall channel matrix associated with user grouping process as 𝐇𝐇 = [𝐇𝐇𝐻𝐻   𝐇𝐇𝐿𝐿] =
[𝐡𝐡1  ⋯  𝐡𝐡𝑇𝑇  𝐡𝐡𝑇𝑇+1  ⋯  𝐡𝐡𝐾𝐾] = [𝐛𝐛1 ,⋯ ,𝐛𝐛𝑚𝑚 ]T . 

5: Carry out RAS using HPG-PBS or HPG-PDBS to choose the best subset of 𝑚𝑚𝑠𝑠 receive antennas. 
RAS: 

6:  Construct the HPG and LPG channel matrices associated with user clustering and RAS as 𝐇𝐇�𝐻𝐻  and 𝐇𝐇�𝐿𝐿, 
respectively. 

7:  Set  𝜂𝜂 = 0,  𝛿𝛿 = (𝑃𝑃 − 𝑃𝑃𝑐𝑐) 2𝑃𝑃𝛥𝛥⁄ , and  𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 = 0. 
PA: 

8:  for  𝑖𝑖 = 1 𝑡𝑡𝑡𝑡 𝛥𝛥 do 
9:        Update  𝜂𝜂 = 𝜂𝜂 + 𝛿𝛿. 
10:      Calculate 𝑅𝑅𝐻𝐻𝑠𝑠  and 𝑅𝑅𝐿𝐿𝑠𝑠 in (32). 
11:    if (𝑅𝑅𝐻𝐻𝑠𝑠 = ∑ 𝑅𝑅𝑘𝑘𝑠𝑠𝑇𝑇

𝑘𝑘=1 ≥ 𝑇𝑇𝑅𝑅0) & (𝑅𝑅𝐿𝐿𝑠𝑠 = ∑ 𝑅𝑅𝑘𝑘𝑠𝑠𝐾𝐾
𝑘𝑘=𝑇𝑇+1 ≥ 𝑈𝑈𝑅𝑅0) & (𝑅𝑅𝐻𝐻𝑠𝑠 + 𝑅𝑅𝐿𝐿𝑠𝑠 > 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 ), then 

12:        Update  𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 = 𝑅𝑅𝐻𝐻𝑠𝑠 + 𝑅𝑅𝐿𝐿𝑠𝑠 ,  𝑅𝑅𝐻𝐻𝑠𝑠 �B́� = 𝑅𝑅𝐻𝐻𝑠𝑠  ,  𝑅𝑅𝐿𝐿𝑠𝑠�B́� = 𝑅𝑅𝐿𝐿𝑠𝑠 , and  𝜂𝜂∗ = 𝜂𝜂. 
15:   end if 
16: end for 
17: Find the system sum rate as  𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 �B́� = 𝑅𝑅𝐻𝐻𝑠𝑠 �B́� + 𝑅𝑅𝐿𝐿𝑠𝑠�B́�. 

Output:  𝐇𝐇�𝐻𝐻 , 𝐇𝐇�𝐿𝐿, 𝜂𝜂∗, 𝑅𝑅𝐻𝐻𝑠𝑠 (B́), 𝑅𝑅𝐿𝐿𝑠𝑠(B́), and  𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 (B́). 

 

6. Simulation Results 

In this section, simulation results of the sum rate and capacity region are presented in bit/s/Hz 

using Monte Carlo averaging over 104 channel realizations to demonstrate the effectiveness of GL-

MU-MIMO using different small, moderate, and large scale LTE configurations towards 5G 

requirements. For notational convenience, 𝐾𝐾 × 𝑚𝑚/𝑚𝑚𝑠𝑠 denotes the considered GL-MU-MIMO system 

while 𝐾𝐾 × 𝑚𝑚  is used for the generic MU-MIMO of 𝐾𝐾 users (with equal PA) and 𝑚𝑚 receive antennas. 

For fair comparisons, it is assumed that all schemes under investigation have same total average 

received power of  𝑃𝑃 = 𝐾𝐾. Notice that 𝐾𝐾 × 𝑚𝑚  MU-MIMO can support up to 𝐾𝐾 = 𝑚𝑚  users if linear 

MUD is utilized while 𝐾𝐾 > 𝑚𝑚  users can be supported when nonlinear MUD methods are employed 

[5]. The utilized simulation parameters of considered cellular system are 30 m ≤ 𝑑𝑑𝑘𝑘 ≤ 300 m and  

𝜗𝜗 = 4. Besides, 𝑃𝑃𝑐𝑐 = 0.6𝑃𝑃; Δ = 50; and 𝑅𝑅0 = 0.1 bit/s/Hz are adopted for DUG-RAS-PA algorithm 

whereas 𝑃𝑃𝑐𝑐 = (1 − 2𝜂𝜂)𝑃𝑃 is realized for the conducted experiments with the basic fixed PA scenario. 



16 
 

6.1. Sum Rate Capacity 

To evaluate the sum rate of GL-MU-MIMO without RAS (𝑚𝑚 = 𝑚𝑚𝑠𝑠), we consider 4 × 2/2, 

6 × 3/3, and 8 × 4/4  systems (i.e. 𝐾𝐾 = 2𝑚𝑚𝑠𝑠) using different values of fixed PA as 𝜂𝜂 = 0.2 and 

𝜂𝜂 = 0.1. The achieved results are shown in Fig. 3 compared with the reference outcomes of 2 × 2, 

3 × 3, and 4 × 4 that utilize the same linear MUD with maximum of 𝐾𝐾 = 𝑚𝑚𝑠𝑠 connected users, and 

4 × 2, 6 × 3, and 8 × 4 that require high complexity nonlinear MUD to serve similar number of 

𝐾𝐾 = 2𝑚𝑚𝑠𝑠 users in OMA fashion. As can be seen, sum rate of 4 × 2/2  is considerably higher than that 

of 2 × 2 due to the extra spatial streams and less than 4 × 2 due to NOMA with LPG interference to 

HPG, as expected. Besides, when 𝜂𝜂 → 0.5, the result of 4 × 2/2  will approach that of  4 × 2 whereas 

if 𝜂𝜂 → 0, the power of LPG approaches zero (i.e. out of service) and hence, sum rate of 4 × 2/2 

reduces to that of 2 × 2 scheme. Therefore, the sum rates of 4 × 2 and 2 × 2 serve as upper and lower 

bounds for 4 × 2/2 system, respectively. Similarly, 6 × 3 and 3 × 3 serve as upper and lower bounds 

for 6 × 3/3, respectively while 8 × 4 and 4 × 4 represent the bounds for 8 × 4/4 system. It should be 

noted that any increase in 𝜂𝜂 will increase LPG interference to HPG users and complicate the SIC 

process leading to high error rates [5, 9, 34]. Therefore, careful selection of 𝜂𝜂 should be maintained as 

a tradeoff between sum rate and target error rate performance. From the presented results, it can be 

seen that more than 50% of sum rate range between upper and lower bounds can be achieved using 

𝜂𝜂 = 0.1, while 𝜂𝜂 = 0.2  provides very close performances to the associated upper bounds. 

 For GL-MU-MIMO with RAS (𝑚𝑚 > 𝑚𝑚𝑠𝑠), the sum rate capacity is evaluated using 4 × 5/2 and 

32 × 64/16 configurations for both fixed PA of 𝜂𝜂 = 0.2 and DUG-RAS-PA algorithm. In Fig. 4(a), 

results of 4 × 5/2 with fixed PA are shown compared with 4 × 2/2 and the baseline 2 × 2 scheme 

that support maximum number of 2 users. As can be seen, 4 × 5/2 system with 3 extra receive 

antennas provides higher sum rate than 4 × 2/2 (without RAS), which consecutively outperforms 

2 × 2 scheme, for all SNR values. In addition, performance of the proposed HPG-PDBS outperforms 

that of HPG-PBS and GNBS, whereas CBS demonstrate the optimal sum rate. The achievable sum 

rate is further improved in Fig. 4(b) due to the employment of DUG-RAS-PA algorithm that optimize 

the system performance. Similar overall performance is achieved also for 32 × 64/16 system 

compared with 32 × 16/16 and the reference 16 × 16 as shown in Fig. 5(a) for fixed PA and Fig. 

5(b) for DUG-RAS-PA algorithm. The achieved gain is of high importance to increase the number of 

connected users, groups’ sum rates, and hence, users’ rates (QoS). For example, 32 × 64/16 scenario 

with DUG-RAS-PA allows additional 16 users (double connected users for 16 RF chains) compared 

with the generic 16 × 16  scheme, and shows significant sum rate gains of 14, 17, and 23 bit/s/Hz for 

HPG-PBS, HPG-PDBS, and CBS methods at SNR of 25 dB, respectively. In Table 2, summary of the 

achieved SNR gain of proposed RAS algorithms and other reference methods are shown for 4 × 5/2 

compared with 4 × 2/2 and for 32 × 64/16 compared with 32 × 16/16 at spectral efficiencies of 18 

and 130 bit/s/Hz, respectively. It can be seen clearly that an important tradeoff between achieved sum 
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rate and RAS complexity can be realized. For example, 32 × 64/16 scheme with the basic fixed PA 

and HPG-PDBS has only 0.9 dB and 0.4 dB difference in SNR compared with CBS and PDBS 

methods, respectively, and outperforms HPG-PBS and GNBS techniques by 0.5 dB and 0.2 dB, 

respectively. Besides, the proposed HPG-PBS can achieve the optimal sum rate capacity at cost of 

1.4 dB penalty. 

From Figs. 4 and 5, PDBS achieves better performance than HPG-PDBS since the former 

algorithm exploits the power of all rows in overall channel matrix 𝐇𝐇 (i.e. ‖𝐛𝐛𝑙𝑙‖2; 𝑙𝑙 = 1, … ,𝑚𝑚) and 

corresponding phases (𝜽𝜽𝑙𝑙) for RAS at cost of higher complexity when compared with HPG-PDBS 

that only utilize the rows of HPG channel 𝐇𝐇𝐻𝐻 (i.e. �𝐛𝐛𝑙𝑙
(𝐻𝐻)�

2
; 𝑙𝑙 = 1, … ,𝑚𝑚 ) and  associated phases (𝜽𝜽𝑙𝑙). 

In addition, HPG-PDBS outperforms GNBS algorithm at cost of slight increase in complexity since 

the later only exploits the power of  𝐇𝐇 rows for RAS process. Note that the capacity of MIMO 

channel is highly influenced by the phase vectors 𝜽𝜽𝑙𝑙  in addition to the norms of  𝐛𝐛𝑙𝑙  [16].  On the other 

hand, GNBS outperforms HPG-PBS of least complexity since the later only employs the power of  

𝐇𝐇𝐻𝐻 rows for antenna selection, in which some of the connected users’ channel paths may exhibit deep 

small scale fading regardless of their allocation in HPG due to the adopted group formation strategy 

based on the average users’ path losses. 

 

 

 
Figure 3. Sum rate of 4 × 2/2, 6 × 3/3 and 8 × 4/4 GL-MU-MIMO systems using fixed PA of  𝜂𝜂 = 0.2 and 
0.1 compared with the reference  2 × 2, 4 × 2, 3 × 3, 6 × 3, 4 × 4, and 8 × 4 schemes.  
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(a) 

 
(b) 

Figure 4. Sum rate of 4 × 5/2  GL-MU-MIMO compared with 4 × 2/2 and the reference 2 × 2 scheme. All 
GL-MU-MIMO schemes employ: (a) fixed PA of  𝜂𝜂 = 0.2 ; (b) DUG-RAS-PA algorithm.  
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(a) 

 
(b) 

Figure 5. Sum rate of  32 × 64/16 GL-MU-MIMO compared with 32 × 16/16  and the reference 16 × 16 
scheme. All GL-MU-MIMO schemes employ: (a) fixed PA of 𝜂𝜂 = 0.2 ; (b) DUG-RAS-PA algorithm.  
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TABLE 2. Summary of SNR gain (dB) of proposed RAS algorithms and other reference methods for 4 × 5/2 
compared with 4 × 2/2, and 32 × 64/16 compared with 32 × 16/16, at spectral efficiency of 18 and 130 
bit/s/Hz, respectively. Fixed PA of  𝜂𝜂 = 0.2 and DUG-RAS-PA techniques are used for the considered systems. 

RAS  
Algorithm 

SNR Gain (dB)   
4 × 5/2 compared with 4 × 2/2 

(at 18 bit/s/Hz) 
32 × 64/16 compared with 32 × 16/16 

(at 130 bit/s/Hz) 
Fixed PA DUG-RAS-PA Fixed PA DUG-RAS-PA 

CBS 3.3 3.5 2.5 2.7 
PDBS 2.6 3.0 2.0 2.2 

HPG-PDBS 2.4 2.5 1.6 1.8 
GNBS 2.2 2.3 1.4 1.5 

HPG-PBS 1.9 2.0 1.1 1.2 

 

6.2. Capacity Region and Groups’ Sum Rates 

To evaluate the achievable capacity region of GL-MU-MIMO, we consider 4 × 2/2 scenario at 

first where each of the HPG and LPG has 2 users. The carried out results are shown in Fig. 6 using 

fixed PA of 𝜂𝜂 = 0.3, 0.2, 0.1, and  0.05 compared with the reference 2 × 2 and 4 × 2 systems at 

SNR = 20  and 30 dB. The achievable groups’ sum rates �𝑅𝑅𝐻𝐻(B), 𝑅𝑅𝐿𝐿(B)� at the optimal corner point 

“B” (see Fig. 2) and overall sum rate 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚  are summarized in Table 3 for different values of  𝜂𝜂. The 

sum rate 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚  of  2 × 2 scheme is shown to be 11.29 and 17.74 at SNR = 20 dB and 30 dB, 

respectively. Besides, 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚  of  4 × 2 scheme (upper bound) is found as 12.58 and 19.17 at SNR =

20 dB and 30 dB, respectively. As can be seen and for same number of 2 RF chains, the optimal sum 

rate line AB���� of 4 × 2/2 is higher than that of 2 × 2 scheme for all SNR values, and increases as 𝜂𝜂 

increased. Moreover, the operating point “B” of groups’ sum rates on the capacity region (and hence 

QoS of connected users) depends also on 𝜂𝜂 for a given SNR due to its direct impact on the amount of 

LPG interference to HPG users. In Fig. 7, sum rates 𝑅𝑅𝐻𝐻(B) and 𝑅𝑅𝐿𝐿(B) are shown as a function of 𝜂𝜂 

for different SNR values. For instance at SNR = 20 dB, point (𝑅𝑅𝐻𝐻(B) = 7.55, 𝑅𝑅𝐿𝐿(B) = 4.12) is 

achieved using 𝜂𝜂 = 0.05 while point (5.06, 7.13) is for 𝜂𝜂 = 0.2. Besides, the equal rate point (6.0, 

6.0) for user-fairness can be realized when 𝜂𝜂 = 0.125  is used, and thus each of the connected users in 

HPG and LPG will attain data rate of 𝑅𝑅𝑘𝑘 = 3 bit/s/Hz;  𝑘𝑘 = 1, … , 4. Note that the intersection point 

between 𝑅𝑅𝐻𝐻(B) and 𝑅𝑅𝐿𝐿(B) curves in Fig. 7 is very hard to be analyzed theoretically due to the 

interference term in (15) and the determinates operations in (15) and (16). Therefore, we need to 

search for this equal rate point numerically over the entire range of PA parameter 𝜂𝜂 and given SNR.  

From the presented results in Figs. 6 and 7, it can be seen that GL-MU-MIMO offers a flexible 

group rate distribution for a given SNR and hence desired QoS through 𝜂𝜂 parameter. For example, 

LPG users near the cell edge can be served fairly as HPG users in close proximity to the BS with 

equal rates. Consequently, the inherent near-far problem in cellular systems can be converted 

efficiently to allow more active users, and hence less latency in serving users.  
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Figure 6. Capacity region (𝑅𝑅𝐻𝐻 , 𝑅𝑅𝐿𝐿) of 4 × 2/2 GL-MU-MIMO in bit/s/Hz at SNR = 20 and 30 dB for different 
PA values (𝜂𝜂 = 0.3, 0.2, 0.1, 0.05) compared with the reference 2 × 2 and 4 × 2  schemes. 

 
 
 
 

 

Figure 7.  Achivable group sum rates (𝑅𝑅𝐻𝐻(B) and 𝑅𝑅𝐿𝐿(B)) for 4 × 2/2 GL-MU-MIMO in bits/s/Hz as a function 
of PA parameter (𝜂𝜂) and for different SNR values. 
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TABLE 3. Achievable sum rates (𝑅𝑅𝐻𝐻(𝐵𝐵), 𝑅𝑅𝐿𝐿(𝐵𝐵), 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚 ) of 4 × 2/2  GL-MU-MIMO in bits/s/Hz for different 
values of PA parameter (𝜂𝜂) and SNR = 20 and 30 dB. 

PA Parameter (𝜂𝜂) 
SNR = 20 dB SNR = 30 dB 

𝑅𝑅𝐻𝐻(𝐵𝐵) 𝑅𝑅𝐿𝐿(𝐵𝐵) 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚  𝑅𝑅𝐻𝐻(𝐵𝐵) 𝑅𝑅𝐿𝐿(𝐵𝐵) 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚  
0.05 7.55 4.12 11.67 8.80 9.43 18.23 
0.1 6.37 5.54 11.91 7.21 11.27 18.48 

0.15 5.59 6.49 12.08 6.20 12.45 18.65 
0.2 5.06 7.13 12.19 5.61 13.17 18.78 

0.25 4.58 7.72 12.30 5.01 13.88 18.89 
0.3 4.23 8.12 12.35 4.65 14.30 18.95 

0.35 3.94 8.47 12.41 4.31 14.68 18.99 
0.4 3.63 8.81 12.44 3.97 15.06 19.03 

0.45 3.35 9.11 12.46 3.66 15.39 19.05 
 

For GL-MU-MIMO with RAS, capacity regions of 4 × 5/2 scheme using HPG-PDBS and HPG-

PBS algorithms are presented in Fig. 8 for DUG-RAS-PA and SNR = 10 , 20, and 30 dB compared 

with 4 × 2/2 and the reference 2 × 2 scheme. Summary of the achievable groups’ sum rates and 

overall sum rate are presented in Table 4. It can be seen that the sum rate of 4 × 5/2 with HPG-PDBS 

is higher than the outcomes of HPG-PBS which in-turn higher than that of 4 × 2/2 for all SNR (also 

shown in Fig. 4(b) ). For example at SNR = 20 dB, point (6.14, 7.71) of 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 = 13.85  is achieved 

using HPG-PDBS compared with (5.43, 8.14) of 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 = 13.57 and (5.11, 7.27) of 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚 = 12.38  

for HPG-PBS and 4 × 2/2, respectively. In addition, the sum rates of HPG and LPG depend on the 

RAS algorithm and utilized SNR. For instance, HPG attains higher rate than LPG at SNR of 10 dB 

whereas LPG can achieve better performance at SNR of 20 dB. In this context, the achieved groups’ 

sum rates (𝑅𝑅𝐻𝐻𝑠𝑠 (B́) and 𝑅𝑅𝐿𝐿𝑠𝑠(B)) are shown in Fig. 9 as a function of SNR to demonstrate the equal rate 

point for desired QoS and user-farinas. The equal rate points are found at SNR of 16.5, 13.4, and 

14.7 dB for HPG-PDBS, HPG-PBS, and 4 × 2/2, respectively. In this scenario, each of the four 

connected users will attain equal rate regardless of its location from the BS. Therefore, RAS provides 

more flexibility on group rate distribution according to desired user-fairness, in addition to substantial 

increase of high spectral efficiency with affordable complexity.  

For large scale GL-MU-MIMO with RAS, we present the capacity region results of  64 × 128/32 

scheme in Fig. 10  using HPG-PDBS and HPG-PBS algorithms for DUG-RAS-PA and SNR = 10, 

20, and 30 dB compared with 64 × 32/32 scheme. Summary of the achievable groups’ sum rates and 

the overall sum rate are presented in Table 5. The achieved groups’ sum rates are shown in Fig. 11 as 

a function of SNR where the equal rate points are found at 32.1, 26.4, and 32.5 dB for HPG-PDBS, 

HPG-PBS, and 64 × 32/32, respectively. It can be seen that the achieved performance gain using 

proposed RAS algorithms is similar to that of investigated small and moderate scale systems. Thus, 

the presented results validate the effectiveness of GL-MU-MIMO as a promising technology for 

different multi-antenna applications for modern and future 5G systems [28, 30, 40]. 
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Figure 8.  Capacity regions (𝑅𝑅𝐻𝐻𝑠𝑠 , 𝑅𝑅𝐿𝐿𝑠𝑠) in bits/s/Hz of 4 × 5/2  GL-MU-MIMO using HPG-PDBS and HPG-PBS 
algorithms for DUG-RAS-PA and SNR = 10, 20  and 30 dB compared with 4 × 2/2  and the reference 2 × 2 
scheme. 

 
 

 

Figure 9.  Group sum rates ( 𝑅𝑅𝐻𝐻𝑠𝑠 (B́) and 𝑅𝑅𝐿𝐿𝑠𝑠(B́)) in bits/s/Hz for 4 × 5/2 GL-MU-MIMO using HPG-PDBS and 
HPG-PBS algorithms for DUG-RAS-PA compared with that of 4 × 2/2 as a function of  SNR. 
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Figure 10.  Capacity regions (𝑅𝑅𝐻𝐻𝑠𝑠 , 𝑅𝑅𝐿𝐿𝑠𝑠) in bits/s/Hz of 64 × 128/32  GL-MU-MIMO using HPG-PDBS and 
HPG-PBS algorithms for DUG-RAS-PA and SNR = 20, 25  and 30 dB compared with 64 × 32/32 scheme. 

 
 

 
Figure 11.  Group sum rates ( 𝑅𝑅𝐻𝐻𝑠𝑠 (B́) and 𝑅𝑅𝐿𝐿𝑠𝑠(B́)) in bits/s/Hz for 64 × 128/32 GL-MU-MIMO using HPG-
PDBS and HPG-PBS algorithms for DUG-RAS-PA compared with that of 64 × 32/32 as a function of  SNR. 
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TABLE 4. Achievable sum rates (𝑅𝑅𝐻𝐻𝑠𝑠 (B́), 𝑅𝑅𝐿𝐿𝑠𝑠(B́), 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 ) in bits/s/Hz for 4 × 5/2 GL-MU-MIMO using HPG-
PDBS and HPG-PBS algorithms for DUG-RAS-PA compared with that of 4 × 2/2 scheme at SNR = 10, 20, 
and 30 dB. 

SNR 
(dB) 

GL-MU-MIMO Scheme 
4 × 5/2  with HPG-PDBS 4 × 5/2 with HPG-PBS 4 × 2/2 
𝑅𝑅𝐻𝐻𝑠𝑠 (B́) 𝑅𝑅𝐿𝐿𝑠𝑠(B́)  𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠  𝑅𝑅𝐻𝐻𝑠𝑠 (B́) 𝑅𝑅𝐿𝐿𝑠𝑠(B́)  𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠  𝑅𝑅𝐻𝐻(𝐵𝐵) 𝑅𝑅𝐿𝐿(𝐵𝐵) 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚  

10 4.55 2.90 7.45 4.01 3.18 7.19 3.52 2.77 6.29 
20 6.14 7.71 13.85 5.43 8.14 13.57 5.11 7.27 12.38 
30 6.68 13.83 20.51 5.78 14.40 20.18 5.66 13.48 19.14 
 

TABLE 5. Achievable sum rates (𝑅𝑅𝐻𝐻𝑠𝑠 (B́), 𝑅𝑅𝐿𝐿𝑠𝑠(B́), 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠 ) in bits/s/Hz for 64 × 128/32 GL-MU-MIMO using 
HPG-PDBS and HPG-PBS algorithms for DUG-RAS-PA compared with that of 64 × 32/32 scheme at 
SNR = 20, 25, and 30 dB. 

SNR 
(dB) 

GL-MU-MIMO Scheme 
64 × 128/32  with HPG-PDBS 64 × 128/32  with HPG-PBS 64 × 32/32 
𝑅𝑅𝐻𝐻𝑠𝑠 (B́) 𝑅𝑅𝐿𝐿𝑠𝑠(B́)  𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠  𝑅𝑅𝐻𝐻𝑠𝑠 (B́) 𝑅𝑅𝐿𝐿𝑠𝑠(B́)  𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚𝑠𝑠  𝑅𝑅𝐻𝐻(𝐵𝐵) 𝑅𝑅𝐿𝐿(𝐵𝐵) 𝑅𝑅𝑠𝑠𝑢𝑢𝑚𝑚  

20 40.15 19.91 60.06 38.02 22.10 60.12 38.10 19.21 57.31 
25 61.72 40.86 102.58 53.31 47.66 100.97 57.83 39.02 96.85 
30 80.11 72.05 152.16 62.63 86.21 148.84 75.82 68.13 143.95 

 

7. Conclusions 

In this paper, the effectiveness of GL-MU-MIMO scheme as potential candidate for 5G systems 

has been investigated considering the main critical factors of high spectral efficiency and QoS, low 

complexity, and user-fairness. As a key design objective, new sum rate and capacity region equations 

have been derived for the uplink Rayleigh fading channel to evaluate the overall system performance 

using fixed PA parameter (𝜂𝜂) and DUG-RAS-PA strategies. For RAS diversity, efficient HPG-PDBS 

and HPG-PBS algorithms have been designed to achieve sub-optimal capacity with significantly low 

complexity of 𝒪𝒪(𝑇𝑇2𝑚𝑚) and 𝒪𝒪(𝑇𝑇𝑚𝑚), respectively as compared with the optimal CBS technique. The 

superiority of GL-MU-MIMO scheme has been verified through extensive analysis and simulations 

considering different LTE configurations towards massive MIMO compared with the conventional 

MU-MIMO systems. Moreover, the operating rate point of HPG and LPG users on the capacity region 

can be fully controlled through PA setting and SNR values based on target QoS and user-fairness 

requirements. Thus, GL-MU-MIMO enables efficient spectrum utilization and tradeoffs between user 

overloading, complexity, and achieved performance. 
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