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ABSTRACT  

The technological advancement in wireless communication, promises 

high data rate for end users. This has led to the possibility of smart 

cities, inter connected vehicles, and virtual reality applications. One of 

the recent technologies in wireless communication is massive MIMO 

where large number of antennas are deployed at the transmitter or 

receiver. This is possible due to the use of mmWave in wireless 

communication. With massive MIMO, beamforming technique can be 

employed in the communication system. Beamforming is the ability of 

communication system to direct power to the intended users and to 

cancel power at non-intended users and thus significantly improving 

communication system performance. Digital beamforming was initially 

used in MIMO systems. However, for massive MIMO systems it leads 

to high power consumption due to large number of dedicated radio 

frequency chain in each antenna. To address this challenge, hybrid 

beamforming techniques were introduced. There are three 

architectures for hybrid beamforming: Fully array architecture (FAA), 

overlapped sub-array architecture (OSA) and sub-array architecture 

(SAA). This paper has analysed three performance parameters of the 

mentioned hybrid beamforming architectures. The simulation results 

show that, FAA architecture has high performance in outage 

probability and spectral efficiency. However, its energy efficiency is 

lower compared to OSA and SAA. Specifically, SAA has the highest 

energy efficiency in comparison to FAA and OSA. It can also be 

observed that, with only 25% increased number of elements in OSA, the 

energy efficiency can be slightly lower compared to SAA, while 

achieving appreciable spectral efficiency performance with respect to 

FAA. Additionally, this work has derived an outage probability 

expression, which has not been covered in most of the studies. This 

study gives an insight of selecting the best architecture based on the 

performance requirement. 
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INTRODUCTION 

Over several decades, wireless technology 

has advanced tremendously from first 

generation (1G) to recent development of 

fifth generation (5G) (Akpakwu et al.2017, 

Ayach et al., 2014). In the 5G, user can 

experience a data rate of more than 1 Gbps. 
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The ability of high data rate in 5G network, 

is enhanced by its physical layer, which 

embrace massive MIMO and 

beamforming.  Beamforming is the ability 

of directing power to the intended user, by 

taking advantage of massive antenna 

elements at the transmitter (Ayach et al. 

2012). In the beginning, beamforming was 

realized by a digital processor and multiple 

radio frequency (RF) chains which were 

connected to each antenna (Mendez-Rial et 

al. 2016). This set up was known as digital 

beamforming. However, in massive 

MIMO, this set up is almost impossible, 

because, RF chains are power hungry 

devices and in massive MIMO the number 

of antennas is large. 

In order to overcome this drawback, 

researchers proposed a hybrid 

beamforming architecture, where an 

analogue beamforming architecture was 

combined with digital beamforming 

architecture. Hybrid beamforming 

architecture (HBA) takes advantage of high 

data rate provided by digital beamforming 

and low power consumption provided by 

analogue beamforming architecture. In the 

hybrid beamforming architecture, there are 

three most commonly used architectures. 

These are: Fully array architecture (FAA) 

in which all RF chain is connected to all 

antennas via phase shifters. Overlapped 

subarray architecture (OSA) in which an 

RF chain is connected to a set of antennas, 

whereby some sets of antennas are 

connected to more than one RF chain. 

Lastly, subarray architecture (SAA) where 

each RF chain is connected to a strict sub 

set of antenna (Abbaspour-tamijani et al. 

2003, Mendez-Rial et al. 2016). 

Many researchers, have discussed these 

architectures, showing its performance 

characteristics in different environment. In 

(Ahmed et al. 2018), it was realized that 

FAA can approach an optimal performance 

in terms of spectral efficiency. Even though 

the spectral efficiency performance of OSA 

presented in (Song et al. 2017) is lower than 

FAA, it has advantages of power 

consumption due to fewer number of phase 

shifters compared to FAA. SAA has low 

spectral performance, but it has the least 

power consumption, as the number of 

phase shifters is reduced to 𝑁𝑡. 

Beside the performance comparison 

architectural differences mentioned earlier, 

there is no work to the best of authors 

knowledge, that analyzed the performance 

of the three architectures under the same 

environment (Wan et al. 2021). This work, 

intend to analyse the spectral efficiency, 

energy efficiency and outage probability 

for the three architectures. This work uses 

the beamforming technique used in (Liang 

et al. 2014) to analyze the performance of 

the three architecture in multi-user multiple 

input single output (MU-MISO) system. 

The main contribution of this work, is the 

single analysis that give a trade-offs 

between the three architectures in terms of 

spectral efficiency, energy efficiency and 

outage probability. 

 

 
Figure 1: Hybrid beamforming 

architectures (a) Fully array architecture, 

(b) Sub array architecture, and (c) 

Overlapped sub-array architecture. 

 

METHODS AND MATERIALS 

This work used mathematical methods and 

simulation to analyse the performance of 

three hybrid beamforming architectures. 

This section, presents the system model and 

outage probability analysis. The details of 

each is presented in the next subsections.  
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System model 

In this work, a MU-MISO system is 

considered, where a base station (BS) with 

𝑁𝑡  antennas and 𝑁𝑅𝐹  chain is transmitting 

data to 𝐾  multiple users each with single 

antenna. In the downlink transmission, K 

symbols sent to each user, the 

corresponding symbol is multiplied by a 

digital precoder 𝑓𝐵𝐵
𝑘 , then converted to RF 

domain by RF chains before being 

precoded by RF precoder 𝐹𝑅𝐹 of dimension 

𝑁𝑡 × 𝑁𝑅𝐹. The received signal at user k can 

be written as Equation (1) which is 

𝑦𝑘 = ℎ𝑘
𝐻𝐹𝑅𝐹𝑓𝐵𝐵

𝑘 𝑠𝑘 + 𝑛𝑘   (1) 

where ℎ𝑘
𝐻 denotes the channel between the 

BS and 𝑘 − 𝑡ℎ user, 𝑠𝑘  is the  symbol for 

the 𝑘 − 𝑡ℎ user such that 𝑠𝑘𝑠𝑘
∗ = 1 and 𝑛𝑘 

is the noise for user 𝑘 that is independent 

and identically distributed (i.i.d), which 

follows the complex Gaussian distribution 

𝒞𝒩(0, 𝜎2). 

The RF precoder structure for FAA, SAA 

and OSA are as defined in Equations (2), 

(3) and (4) respectively (Wong et al. 2021, 

Zhao et al. 2021, Busari et al. 2019). 

𝐹𝑅𝐹
𝐹𝐴 =

[
 
 
 
 
𝑓(1,1)
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where 𝑓𝑘
𝑆𝐴  is the 𝑀 × 1  weighting vector 

for the k th subarray and 𝑀 = 
𝑁𝑡

𝐾⁄ , 

𝐹𝑅𝐹
𝑂𝑆 =

[
 
 
 
 
 
𝑓1
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⋮
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𝑓𝐾

𝑂𝑆(𝑁)]
 
 
 
 
 

   (4) 

where 𝑁  is the number of phase shifters 

connected to a subarray. The inter-subarray 

distance is defined as ∆𝑁, with respect to 

the number of antennas, which is the 

number of overllaped elements between 

adjacent RF chains. This parameter range 

from ∆𝑁 = 0, where OSA becomes FAA 

and ∆𝑁 = 𝑀 , where OSA becomes SA. 

The element of RF precoder is as defined in 

(Liang et al. 2014)), and it is given by 

𝑓(𝑖,𝑘)
𝐹𝐴 = 

1

√𝑁𝑡
𝑒−𝑗𝜃(𝑖,𝑘) , 𝑓(𝑖,𝑘)

𝑆𝐴 =

 
1

√𝑀
𝑒−𝑗𝜃(𝑖,𝑘)  and 𝑓(𝑖,𝑘)

𝑂𝑆 =
1

√𝑁
𝑒−𝑗𝜃(𝑖,𝑘) , for 

FA, SA, OS architectures. Where, 𝜃(𝑖,𝑘) =

∠[𝐻](𝑖,𝑘)  for phase shifter with infinite 

resolution. 

Outage probability analysis  

In this section,  a statistical analysis of the 

SINR formulated in the previous section is 

done. Specifically, the outage probability 

analysis of the uth MS based on transmitt 

beamforming from the three architectures 

is performed. Based on analysis of (Liang 

et al. 2014), the main diagonal elements 

following the central limit theorem and 

zero forcing is used in digital precoding is 

given by Equation (5). 

ℎ𝑘
𝐻𝑓𝑘~𝒩(

√𝜋𝑁𝑡

2
, 1 −

𝜋

4
)   (5)   

For the case of off-diagonal elements, with 

similar assumption that zero force is used 

in digital precoding, i.e 𝑗 ≠ 𝑘  we have 

Equation (6). 

ℎ𝑘
𝐻𝑓𝑗~𝒞𝒩(0,1)   (6) 

From the results in equatin (5) and (6), the 

SINR is upper bounded by the Equation (7). 

𝑆𝐼𝑁𝑅 ≅
𝑃

𝜎2 |ℎ𝑘
𝐻𝑓𝑘|

2
      (7)  

By defining the random variable 𝑋𝑢 =
|ℎ𝑘

𝐻𝑓𝑘|2, then (6) can be written as Equation 

(8). 

𝑆𝐼𝑁𝑅 ≅
𝑃

𝜎2
𝑋𝑢    (8) 

From the exressin in, and the assumption h 

element defined earlier, the outage 

probability of the uth mobile station is 

given by Equation (9) (Tse and Viswanath 

2012). 
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𝑃𝑜𝑢𝑡
𝑢 (𝑅) = 1 − exp (

−(2𝑅 − 1)

𝑃𝑋𝑢
𝜎2) (9) 

Since 𝑋𝑢 follows the distribution of the 

main diagonal element (Feng et al. 2016), 

therefore, considering it mean power, the 

outage probability can be re-defined to the 

following expression (Equation (10)). 

𝑃𝑜𝑢𝑡
𝑢 (𝑅)

= 1 − exp (
−(2𝑅 − 1)

𝑃𝜋𝑁𝑡
4𝜎2) 

(10) 

 

RESULTS AND DISCUSSION 

In this section, system sum rate, energy 

efficiency and outage probalility are 

numerically analized for the three 

architectures. The simulation considers an 

environment where the channel 

coefficiency between the base station and 

uth user is characterized by the geometric 

Saleh-Valenzuela channel model (Nguyen 

and Lee 2019, Huang et al. 2020). This 

model is commonly used in massive MIMO 

communication systems. In this case, the 

channel vector between the base station and 

uth user is given by Equation (11). 

ℎ𝑢 = √
𝑁𝑡

𝐿𝑢
∑𝛼𝑢,𝑙𝑎𝐵𝑆(∅𝑢,𝑙)

𝐿𝑢

𝑙=1

 (11) 

The 𝐿𝑢 is the number of effective channel 

paths corresponding to limited number of 

scatters between the BS and the uth MS, 

𝛼𝑢,𝑙 is the channel gain which is assumed to 

be i.i.d Gaussian random variable with zero 

mean and unit variance, and ∅𝑢,𝑙 ∈ [0,2𝜋] 
is the azimuth angle of departure (AoD) of 

the lth path. Whereas, 𝑎𝐵𝑆  represents the 

normalized transmit array respense vector 

at the BS that depends on the structure of 

the antenna array. Particularly, this work 

has considered a uniform linear array 

(ULA) where the array response vector is 

given by Equation (12). 

 

𝑎(∅) =
1

√𝑁𝑡

[
1, 𝑒

𝑗
2𝜋
𝜆

𝑑𝑠𝑖𝑛(∅)
, …

, 𝑒
𝑗(𝑁𝑡−1)

2𝜋
𝜆

𝑑𝑠𝑖𝑛(∅)
]

𝑇

 (12) 

where 𝜆  denotes the wavelength of the 

signal and 𝑑 = 𝜆
2⁄  is the antenna spacing 

in the antenna array(Ayach et al. 2014).  In 

this work, the signal to noise ratio (SNR) is 

defined as the ratio of the common average 

SNR received at each antenna with noise 

variance normalized to unity.  

Figure 2 presents the outage probability 

versus the achievable rate.  When the 

number of bits increases per channel use, 

the outage probability increases. 

 

Figure 2: Outage probability versus number 

of bits per channel (SNR = 10 dB). 

The FAA has the lowest outage probability 

throughout the performance range, 

followed by OSA, and SAA has the lowest 

performance. Specifically, when the 

number of bits per channel use is 6, the 

FAA achieves an outage probability of 0.1, 

while that of OSA achieves an outage 

probability of 0.21, and SAA achieves an 

outage probability of 0.7. 

Figure 3 shows the outage probability 

versus signal to noise ratio, when the bits 

per channel use is 8. FAA has the lowest 

outage probability throughout the entire 

SNR range, followed by OSA, and finally 

SAA. It is observed that, by increasing the 

number of overlapping antenna elements to 

12, from the original SAA, the OSA has 

managed to improve the outage probability 

significantly. In Figure 4, a comparison 

between different architectures and their 

achievable system sum rate is presented. 

The FAA achieves the performance near 

the digital beamforming architecture, 

which provide the optimal precoding. OSA 

has a performance higher than SAA by 
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increasing 12 elements in the overlapped 

subarray. 

 

 
Figure 3: Outage probability versus SNR (R 

= 8 bits/channel use, U = 16). 

 

 
Figure 4: System sum rate versus SNR (Nt = 

64 and U = 4). 

 

The performance can be further improved 

if additional elements are utilized. Figure 5 

plots the spectral efficiency versus the 

number of users, which is equivalent to 

number of RF chains in this simulation 

results. The results show that, FAA has 

high performance in comparison with OSA 

and SAA. It is also observed that, OSA has 

improved the spectral efficiency in 

comparison to SAA. 

In Figure 6, the simulation results of the 

three architectures are presented, where the 

achieved spectral efficiency is observed as 

the number of antennas increases. In this 

simulation, it was assumed the number of 

users are 4, which is equal to the number of 

RF chains. It is observed that, the FAA has 

high performance in comparison to OSA 

and SAA. For the case of OSA, the number 

of phase shifters was kept to only 25% 

higher than that of SAA. The results show 

that, slightly increase of phase shifter can 

significantly improve the spectral 

efficiency. Lastly, the paper analyse the 

energy efficiency of the three architectures 

in the simulation results presented in Figure 

7.  It is observed that, as the number of 

antennae increases, the energy efficiency 

decreases for both architectures. 

 

 

  

Figure 5: System sum rate versus number of 

users (SNR = 0 dB). 

 

 
Figure 6: System sum rate versus number of 

antennas (SNR = 0 dB). 

Figure 7: Energy Efficiency vers number of 

antennas (SNR = 0 dB). 
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This is due to the fact that, as the number of 

antenna increases, the number of phase 

shifters also increases. Additionally, the 

results show that, SAA has the highest 

energy efficiency compared to OSA and 

FAA. It is noted that, the energy efficiency 

of OSA is slightly lower compared to SAA. 

With this observation, OSA can be a 

potential candidate where spectral 

efficiency and energy efficiency are of 

concern. 

 

CONCLUSION AND 

RECOMMENDATIONS 

Hybrid beamforming is an enabling 

technology in massive MIMO systems, 

which enhance data rates in wireless 

communication. This paper has analysed 

the performance of the three hybrid 

beamforming architectures: fully array 

architecture, overlapped sub-array 

architecture, and sub-array architecture. 

The simulation result show that, the FAA 

has the highest performance in outage 

probability and spectral efficiency. SAA 

has high performance in energy efficiency, 

however, it performs poorly in both 

spectral efficiency and outage probability. 

Furthermore, it has been demonstrated that 

OSA has intermediate performance 

between the two. With these results, it is 

possible to select between the three 

architectures based on performance 

requirements. This work will be expanded 

in the future to include derived 

architectures such as un-equal subarray 

architecture and dynamic un-equal 

subarray architecture. Additionally, a 

point-to-point scenario will also be 

considered, and the bit error rate 

performance parameter will be analyzed in 

a point-to-multi-point scenario. 
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