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Abstract: Massive Multi-Input and Multi-Output (MIMO) antenna system is considered as the key technology to 

improve both spectral efficiency (SE) and energy efficiency (EE) for 5G wireless systems. This paper evaluates the 

impact of perfect and imperfect channel state information (CSI) on the SE. The maximum SE of 200 bits/s/Hz 

achieved in a multi-cell scenario and its limiting factors were explored. We mainly demonstrated linear precoding 

algorithms such as zero-forcing (ZF), maximum ratio combing (MRC), and minimum mean square error (MMSE) 

for SE analysis. The explicit SE and EE expressions were derived from Shannon capacity calculations for single and 

multi-cell scenario.  The proposed ZF and MRC precoding schemes were observed with SEs of 185 bit/s/Hz, and 

180 bits/s/Hz respectively with pilot reuse factor with λ=7. The simulation results were validated by comparing the 

SE versus the number of base station (BS) antennas with receiving schemes by using MATLAB 2018a. 

Keywords: Spectral efficiency, Energy efficiency, Multi input and multi output, Channel state information, 5G. 

 

 

1. Introduction 

Current cellular networks demand high-speed 

transmission with multi-user capability under 

interference and noise scenario. Massive multi-input 

and multi-output (MIMO) can improve the spectral 

efficiency (SE) by serving a large number of users 

in a cell within the same time and bandwidth. 

Massive MIMO is a technology with massive 

antennas deploying at the base station (BS) to 

improve SE and energy efficiency (EE) [1].  Higher 

data rate has achieved with prominent parameters 

such as a greater spectrum (Hz), larger cell density 

(cells/Km2), high EE and SE [2, 3]. The 

combination of a millimetre (mm)-wave 

communication and massive MIMO is the most 

promising technology for future wireless 

communication [4]. This combined technology can 

integrate and enable several schemes into one 

platform. Several pieces of recent research have 

reported [5, 6] to achieve high SE and EE in the fifth 

generation (5G) systems and also offer high data 

rate over the 4G systems.  

The EE of the downlink (DL) mm-wave massive 

MIMO communication can be improved by 

employing hybrid-beam forming schemes [7] with 

reduced interference from other user terminals 

(UT)s. To the best of our knowledge, the achievable 

rate of massive MIMO mainly depends on perfect 

channel state information (CSI) available at the UT 

and the BS. However, acquiring the perfect CSI is 

highly limited by the coherence time and pilot 

contamination (PC) [8, 9] in large antenna systems. 

The impact of interference with PC is presented in 

[10] on the cells and UTs.  It is required to obtain a 

maximum signal to interference plus noise ratio 

(SINR) to increase the SE. Since the SE strongly 

depends on the channel data rate. In addition to this, 

resource allocation also plays a key role to attain the 

maximum SE and EE [11 - 13].  

The power allocation schemes were proposed 

[14] to reduce the interference both from the 

primary and the secondary UTs. The network 
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performance notably increased when small cell 

access combined with Massive MIMO systems [15, 

16].  The small cell access proposed [17, 18] in high 

traffic areas with more user density to increase each 

UT sum SE and EE. The authors of [19] addressed 

the adaptive spatial modulation techniques to 

enhance the EE with a single antenna per UT. The 

SE and EE of the distributed MIMO were described 

[20] with channel parameters such as antenna 

correlation, multipath fading and path loss. The 

degradation of the EE and SE with increasing the 

PC and RF impairment well demonstrated in [21].  

Energy consumption is also the most important 

issue in wireless networks to achieve higher 

throughput. The maximization of the EE exploited 

[22] to mitigate the impact of the PC and channel 

estimation error. The EE is also maximized by the 

transmitting RF chain configuration [23]. The 

resource allocation schemes show [24] significant 

role in the optimization of EE with optimal antennas 

at the BS. The area energy efficiency (AEE) 

improved by a realistic power consumption model 

reported [25] when the number of BS antennas 

reaches of the infinite. The impact of the full-duplex 

scheme than half-duplex in massive multi-user 

MIMO systems with the SE reported in [26]. The 

issue of analytical lower bound SE in device-to-

device networks well expressed [27] in a single cell. 

The SE also increases with a maximum ratio 

combining (MRC) scheme [28] in the DL massive 

MIMO systems with perfect and imperfect CSI. 

However, it was observed that the trade-off between 

the SE and the EE [29] is achieved by dealing with 

the power consumption of the transceiver into 

account.  

Recent works on the SE of massive MIMO show 

that there is a maximum value for SE is achieved by 

serving a limited number of UTs.  In this paper, we 

demonstrated how to achieve maximum SE and EE 

by serving the large number of UTs and limited 

number of pilot sequences. We examined the 

resource allocation schemes such as signal 

transmission and power allocation in a distributed 

fashion. The impact of perfect and imperfect CSI on 

the SE is proposed in the DL massive MIMO 

systems. We also addressed how many BS antennas 

are required to achieve maximum SE and its limiting 

factors were also presented.  The linear precoding 

algorithms were demonstrated such as zero-forcing 

(ZF), minimum mean square error (MMSE) 

estimation and MRC in SE analysis. The peak value 

of SE and EE is achieved by deploying massive BS 

antennas and serving the large number of UTs. The 

final goal has to enhance the SE and EE with 

massive BS antennas in the multi-user environment. 

 
Fig.1 Proposed system model for massive MIMO 

 

 
Fig.2 Proposed Frame structure for both UL and DL 

 

Here, the most important deal is to allocate the 

universal resources intelligently such as time and 

spectrum to improve the system performance. In 

particular, the pilot sequences were allocated to the 

BSs properly to reduce the interference. 

The research paper is organized as follows, the 

proposed system model of the massive MIMO 

presented in Section 2. An overview of the average 

SE analysis is presented with UL and DL channel 

estimation in section 3. The optimization of the SE 

and EE were presented in section. 4. The Simulation 

results were compared with the SE analysis and 

the BS antennas in section. 5. Finally, the 

conclusion is presented. Notation: Matrices and 

vectors are denoted by boldface upper and lower 

case symbols. Here, (.), [.] T, [.] +  represent trace, 

transpose, and Hermitian transpose respectively. 

Finally, the expectation symbol is presented by E [.]. 

2. Proposed system model 

In this section, we considered a proposed 

cellular system model shown in Fig.1. The user data 

are transmitted with universal frequency reuse and 

time. This model was implemented with M number 

of BS antennas and, 𝑘  single antenna UTs.  The 

number of cells was represented by N.  The subset 

of the active number of UTs is denoted by   𝑘 =
{1,2, … … . . , 𝐾𝑚𝑎𝑥}.  

In this work, each UT has assigned to a cell such 

as 𝑛 ∈ 𝑁 at different times and the position  𝑍𝑛𝑘 ∈
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𝑅2 . The proposed frame structure is presented in 

Fig.2.  The universal time-frequency resources were 

categorically divided into frames.  The number of 

transmitting symbols per frame was denoted by 𝑇𝑠 =
 𝑇𝑐𝐵𝑐 .  Here, each frame was presented with  𝑇𝑐 

Seconds and 𝐵𝑐  Hz. Similarly, 𝐵𝑐   is smaller than the 

coherence bandwidth of all UTs. Where 𝑆𝑇  denotes 

a coherence block length and 𝑊𝑢 orthogonal pilot 

symbols. Where 𝑇𝑐  is the coherence time of the 

channel and inverse of the coherence bandwidth. 

Hence, all the channel coefficients were assumed to 

be constant over  𝑇𝑐.   The channel response between 

UT  𝑘  and BS  𝑖  in a cell 𝑛 ∈ 𝑁 under non-line-of-

sight propagation is given by 

  

ℎ𝑛𝑙𝑘 ≅ 𝐶𝑁(0, 𝑑𝑛 (𝑍), 𝑍𝑖𝑘)𝐼𝑀                        (1) 
 

Where  ℎ𝑛𝑙𝑘 ∈  𝐶𝑁   is distributed as a zero-mean 

circularly symmetric complex Gaussian (ZMCSCG) 

process.  Where 𝐼𝑀  denotes the identity matrix with 

size  M × M. Where 𝑑𝑛(𝑧) denotes the deterministic 

function and also provides channel variation. The 

received CSI in the uplink (UL) channel estimation 

is also used for the DL by using channel reciprocity. 

The remaining 𝑆𝑇 − 𝑊𝑢  numbers of symbol 

resources were utilized for both the UL and DL.  

2.1 Uplink channel estimation  

In this section, we considered the UL received 

signal at the BS 𝑖  from the UT:  𝑈𝑖𝑘 ∈  𝐶𝑀 .  It is 

represented as follows, 

 

𝑈𝑖𝑘 = ∑ ∑ ℎ𝑛𝑖𝑘𝑆𝑛𝑘
𝐾
𝑘=1

𝑁
𝑛=1 + 𝑛𝑖𝑘              (2) 

 

Here, 𝑆𝑛𝑘 is the symbol transmitted from UT 𝑘 

to the cell  𝑛 . The normalization of the signal is 

denoted by   𝐸[𝑆𝑛𝑘]2 . The transmitted power 

correspondingly to the UL is expressed as  𝜌𝑛𝑘 ≥ 0. 

The noise term 𝑛𝑖𝑘 ∈  𝐶𝑀
 is modelled as the additive 

white Gaussian distributed process with zero mean 

and variance equal to unity. The UL power assumed 

as a fixed value in the channel model [30].   

We considered the stochastic aware power 

control (SAPC) scheme. This channel model 

requires CSI from all users in a cell by using a rapid 

feedback mechanism. The transmitted power from 

the cell  𝑛  to the UT  𝑘 is given by 

 

 𝑝𝑛𝑘 =
𝜌

𝑑𝑛(𝑄𝑛𝑘)
                             (3) 

 

Where  𝜌 denotes the design parameter, and 𝑄𝑛𝑘 

undesired signal. The SAPC supports both the EE 

and uniform end-user experience. To do this, 

analog-to-digital converter should be designed to 

minimize the effect of near-far blockage [31] with 

the lower bound achievable rate.  

3. Average Spectral efficiency 

In this section, we proposed the average SE with 

a pilot based channel estimation for the UL and DL 

massive MIMO systems.  The proposed system 

model implemented with the BS transmit the data 

with precoding vector in the DL.  The signals are 

coherently combined and coordinated at the 

receiving antennas. However, this process requires 

the perfect CSI at the BS 𝑖  from the UL channel 

[32-33]. To improve the capacity of massive MIMO 

systems, spectral resources were reused in different 

cells. The pilot signals used in one cell affect the 

pilot signals in another cell. Since the PC limits the 

achievable data rate and transmitted power at the BS. 

The transmitted pilot signals are represented by a 

fixed codebook   given by 

 

𝜗 = {𝑢1, 𝑢2 , … , 𝑢𝑛}                        (4) 

Where 

𝑢𝑎1
𝐻 𝑢𝑎2 = {

𝑤   𝑎1 = 𝑎2

0   𝑎1 ≠ 𝑎2
  

 

Where  𝜗   denotes the index used in the pilot 

book. It is termed as a reference signal and also 

known to the UT  𝑘  and the BS in a cell  𝑛. The Eq. 

(4) provides the UL channel estimation with the 

transmission of the pilot tones over the symbols Wu. 

The UL received signal at the BS  𝑖   is presented as 

 

𝑌𝑖 = ∑ ∑ √𝜌 ℎ𝑖𝑛𝑘𝑧𝑗𝑖𝑘
𝑇𝐾

𝑘=1 + 𝑛𝑖𝑘𝑛∈𝑁   
          

 (5) 

 

The BS transmits data and uses the dominance 

of the MRC linear precoding in the DL. The UL 

effective channel is represented by the MMSE 

estimate [34] as follows, 

 

   ℎ̂ 𝑖𝑛𝑘 = 𝐷𝑖,𝑛𝑌𝑖(∅𝑖
𝑇)

−1
 𝑎𝑗𝑛𝑘                (6) 

 

Where     𝐷𝑖,𝑛 =  
𝑑𝑖 (𝑄𝑛𝑘)

𝑑𝑛(𝑄𝑛𝑘)
 

 

Where 𝐷𝑖,𝑛 defines the relation between the 

desired signal and an interference signal from the 

BS 𝑖 to the UT 𝑘 in a cell  𝑛. The ratio is equal to 

unity for any cell. Where 𝑎𝑗𝑛𝑘  represents  𝑗𝑡ℎ 

column of the matrix   𝐼𝑤, which is due to the impact 

of the PC. The fundamental difference between the 

MMSE and conventional massive MIMO estimators 

are explained by using two factors. First one, the 

pilot allocation is provided by the MMSE estimator. 
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The second one, the channel estimation error 

modelled by the covariance matrix 𝐶𝑖𝑛𝑘 ∈  𝐶𝑀×𝑀
 as 

follows, 

 

𝐶𝑖𝑛𝑘 = 𝐸[ℎ𝑖𝑛𝑘 − ℎ̂𝑖𝑛𝑘][ℎ𝑖𝑛𝑘 − ℎ̂𝑖𝑛𝑘]
𝐻

      (7)
 

            = 𝜌𝐷𝑖,𝑛 [1 −
𝐷𝑖,𝑛𝑊𝑢

∅𝑖
] 𝐼𝑀                    (8) 

Where the received covariance matrix ∅𝑖 ∈
 𝐶𝑤𝑢×𝑤𝑢

 
is given by 

  

∅𝑖 = ∑ ∑ 𝐷𝑖𝑙𝑧𝑗𝑛𝑙𝑧𝑗𝑛𝑙
𝐻𝑘

𝑙=1𝑛∈𝑁 +
𝜎2

𝜌
𝐼𝑤  

 

 (9) 

 

Here, 𝐼𝑤  denotes the identity matrix. The 

estimated mean square error (MSE) is derived as 

𝑀𝑆𝐸𝑖𝑛𝑘 = 𝑡𝑟(𝐶𝑖𝑛𝑘).   finally, each BS selects only 

𝑊𝑢  orthogonal pilot signals and resolves the pilots 

into spatial dimensions.  The channel estimate is 

given by 

 

𝐻𝜗,𝑖 = 𝑌(∅𝑖
𝑇)

−1
𝑈𝜗           (10) 

 

Where  𝑈𝜗 =  [𝑢1
∗ , 𝑢2

∗ , … … , 𝑢𝑤
∗ ] 

3.1 Uplink achievable spectral efficiency 

In this work, the sum SE of network 

transmissions in a cell is measured as the number of 

bits transmitted per second per Hertz (bit/s/Hz). 

Inter-cell interference (ICI) limits the performance 

of the massive MIMO systems. An interference 

alignment technique was employed [35] to decrease 

the ICI at the BS with the Poisson point process. 

The performance of the massive MIMO system 

highly depends on the channel estimation and 

receive combing scheme. In order to decrease the 

interference, the combining technique could be 

addressed in the form of either active or passive. 

Thus, the MRC scheme with passive interference is 

given by 

 

𝑡𝑀𝑅𝐶 = 𝐻𝜗,𝑖𝑎𝑗𝑖𝑘ℎ̂ 𝑖𝑖𝑘     (11) 

 

Where 𝐻𝜗,𝑖 is the channel matrix and 

ℎ̂ 𝑖𝑖𝑘    effective channel estimate with MRC. The 

active interference rejection schemes substantially 

attain more gain over the passive interference 

rejection schemes. Since the receive combining is 

considered the channels as orthogonal. The impact 

of pilot allocation and interference on the SE from 

other cells is presented as follows: 

 

𝑆𝐸𝑈𝐿 = 𝜌 [1 −
𝑊𝑢

𝑆𝑇
] 𝐸[𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅𝑖𝑘)]   (12) 

 

The passive interference rejection scheme ZF 

was given as follows: 

 

𝑡𝑍𝐹 = 𝐻𝑉𝑖𝐸[𝑉𝑖
𝐻𝐻𝜗,𝑖

𝐻 �̂�𝜗,𝑖𝑉𝑖]
−1

𝑎𝑗𝑖𝑘  (13) 

 

Where  𝑉𝑖 =  [𝑎1𝑖𝑘 , … … , 𝑎𝑗𝑖𝑘]  ∈  𝐶𝑊×𝐾
 

 

The ergodic data rate with the lower bound 

approximation is given by 

 

𝑆𝐸𝑖
𝑈𝐿 = 𝑘𝜁𝑢𝑙 (1 −

𝑊𝑢

𝑆𝑇
) 𝑙𝑜𝑔2 (1 +

1

𝐼𝑖
)     (14)  

Where  Ii  denotes the interference 
 

𝐼𝑖 =  ∑ (𝛼𝑖𝑛 +
𝛼𝑖𝑛−𝛼

𝑇𝑠𝑐ℎ
) +

(∑ 𝛼𝑖𝑛𝐺𝑖𝑛
𝑠𝑐ℎ+

𝜎

𝜌
)(∑ 𝛼𝑖𝑛𝐺𝑖𝑛

𝑠𝑐ℎ+
𝜎

𝜇
)

𝐺𝑠𝑐ℎ
  

                                                                             (15) 

 

Where 𝛼𝑖𝑛 = 𝐸[𝐷𝑖,𝑛
𝑤 ]   denotes the propagation 

parameter and 𝐺𝑖𝑛
𝑠𝑐ℎ provides the combing scheme at 

the receiver. The interference in Eq. (15) highly 

depends on the   𝐺𝑖𝑛
𝑠𝑐ℎ  . The ZF scheme is designed 

as follows, 

   

𝑇𝑍𝐹 = {𝐾 (1 −
𝛼𝑖𝑛

∑ 𝛼𝑖𝑛 +
𝜎2

𝜇𝑝
𝑁𝑖(𝜇)

)}     𝑖𝑓 𝑛  𝜖  𝑁𝑖(𝜇) 

= 𝐾            𝑖𝑓     𝑛    ∉  𝑁𝑖(𝜇)         (16) 

 

The second part of the numerator in Eq. (16) 

represents the noise power at the receiving scheme. 

3.2 Downlink achievable spectral efficiency 

 We considered the DL achievable SE by 

deriving the channel estimation with precoded data 

at the BS. It is identical to the UL channel 

estimation. The DL received signals were combined 

coherently from the M channel inputs. Here, the 

desired signals were selected properly from the 

desired UTs by suppressing undesired signals from 

the undesired UTs. The precoded vector is presented 

as follows,  

 

𝑊𝑖𝑘 =  √
𝑃𝑖𝑘

𝐸{ℎ}{|𝑔𝑖𝑘|2}
𝑔𝑖𝑘

∗                       (17) 
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Where 𝑃𝑖𝑘 is transmitting power from the BS  𝑖 
to the UT 𝑘  . The ZF suppresses the ICI by properly 

selecting the 𝑔𝑖𝑘 . The DL SE with the precoded 

vector and transmitting power is given by 

 

𝑆𝐸𝐷𝐿 =  𝜁 (1 −
𝑊𝑖𝑘

𝑆𝑇
) 𝐸{𝑄}𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅𝑖𝑘)    (18) 

 

Where 

𝑆𝐼𝑁𝑅𝑛𝑘 =
𝑃𝑖𝑘{𝐸{ℎ}{𝑔𝑖𝑘

𝐻 |ℎ𝑖𝑖𝑘|2}

{𝐸{ℎ}|𝑔𝑐𝑚|2}− 

𝑃𝑖𝑘{𝐸{ℎ}𝑔𝑖𝑘
𝐻 {|𝑔𝑖𝑘

𝐻 ℎ𝑖𝑘|
2

}}

{𝐸{ℎ}|𝑔𝑖𝑘
𝐻 |

2
}

+𝜎2

   (19)

   

Where 𝜁 is a path loss exponent. Traditionally, 

the BS   allocates power to the different UTs based 

on the UL CSI in the precoding. Finally, the MMSE 

eliminates both the inter-user interference and ICI 

by selecting 𝑔𝑖𝑘 . The normalization of spatial 

directivity provides analytical tractability of the 

channel as follows, 
 

𝑆𝐸 = 𝑘 (1 −
𝑊𝑖𝑘

𝑆𝑇
) 𝑙𝑜𝑔2 (1 +

1

𝐼𝑖
)          (20) 

 

Here, the Eq. (20) is also similar to the UL 

achievable SE.  Since it is designed based on the 

knowledge of the UL received CSI.  The MRC 

scheme amplifies the desired signal and eliminates 

inter-user interference.  

4. Optimization of Spectral and Energy 

efficiency 

4.1 Single and multi-cell massive-MIMO system  

In this section, we presented the SE on a single 

and multi-cell massive MIMO system with perfect 

and imperfect CSI available at the BS. It can be 

presented as follows: 

 

𝑅𝑝𝑒𝑟
𝑆 =   ∑ 𝑅𝑝𝑒𝑟,𝑘

𝑆𝐾
𝑘=1

𝑅𝑖𝑚𝑝
𝑆 =   

𝑇𝑐−𝜏

𝑇𝑐
∑ 𝑅𝑖𝑚𝑝,𝑘

𝑆𝐾
𝑘=1

}
          (21) 

 

Where S ϵ {ZF, MRC, MMSE}, corresponds to 

receive combining schemes in the Massive MIMO 

system.  The EE is represented with the SE for 

perfect and imperfect CSI as follows: 

 

                     
𝜂𝑖𝑚𝑝

𝑠 =   
𝑅𝑖𝑚𝑝

𝑠

𝑃𝑢

𝜂𝑝𝑒𝑟
𝑠 =   

𝑅𝑝𝑒𝑟
𝑠

𝑃𝑢

}                           (22) 

Where  𝜂𝑝𝑒𝑟
𝑠  denotes the EE of receiving scheme 

with perfect CSI, and   𝜂𝑖𝑚𝑝
𝑠   EE for imperfect CSI.  

The fundamental cellular concept has been proposed 

in [36] with hexagonal cellular geometry. The 

impact of co-channel interference on the frequency 

reuse pattern with hexagonal coverage was 

highlighted in [37]. We considered the cellular 

network with the pilot reuse pattern  𝜆 = 7.  

4.2 Maximum ratio combining receiver  

We considered the MRC scheme for the SE and 

EE of the massive MIMO with perfect and imperfect 

CSI are presented as follows, 

 

 𝑅𝑖𝑚𝑝
𝑆 =   

𝑇𝑐−𝜏

𝑇𝑐
𝐾𝑙𝑜𝑔2 (1 +

𝜏(𝑀−1)𝑃𝑢

𝜏(𝐾−1)𝑃𝑢
2+(𝐾+𝜏)𝑃𝑢+1

)  

(23) 

 

  𝜂𝑖𝑚𝑝
𝑀𝑅𝐶 =   

      𝑅𝑖𝑚𝑝
𝑀𝑅𝐶

𝑃𝑢
                             (24) 

 

lim
𝑃𝑢→0

𝜂𝑖𝑚𝑝
𝑀𝑅𝐶 = lim

𝑃𝑢→0

1

𝑃𝑢
𝑅𝑖𝑚𝑝

𝑀𝑅𝐶 = 0      (25) 

 

lim
𝑃𝑢→∞

𝜂𝑖𝑚𝑝
𝑀𝑅𝐶 = lim

𝑃𝑢→∞

1

𝑃𝑢
𝑅𝑖𝑚𝑝

𝑀𝑅𝐶            (26) 

 

 The SE is proportional and also increasing 

function of power 𝑃𝑢 from Eq. (23). Hence the SE 

increases with the EE under the low power regime. 

Therefore, the power 𝑃𝑢 ≪ 1 shows the low power 

regime and approximated as 𝑃𝑢
2   to achieve the 

maximal SE When  𝑑 > 0. The fundamental 

relationship between the SE and EE is presented for 

the MRC scheme with 𝑃𝑢 ≪ 1 given by 

 

𝜂𝑖𝑚𝑝
𝑀𝑅𝐶 = √

𝑇𝑐−𝜏

𝑇𝑐
𝐾𝑙𝑜𝑔2(𝑒)𝜏(𝑀 − 1)𝑅𝑖𝑚𝑝

𝑀𝑅𝐶
       (27) 

Here, Eq. (27) is approximated from the Taylor 

series expansion  𝑃𝑢 ≪ 1.  

4.3 Zero forcing receiver 

Here, the ZF analysis is similar to the MRC 

scheme. The main drawback of the ZF receiver is 

the noise amplification. The SE and EE expressions 

with ZF scheme are written as follows: 

 

 𝑅𝑖𝑚𝑝
𝑍𝐹 =

𝑇𝑐−𝜏

𝑇𝑐
𝑘𝑙𝑜𝑔2 (1 +

𝜏(𝑀−𝑘)𝑃𝑢
2

(𝑘+𝜏)𝑃𝑢+1
) (28) 

  𝜂𝑖𝑚𝑝 
𝑍𝐹 =

1

𝑃𝑢
𝑅𝑖𝑚𝑝

𝑍𝐹
                               (29) 
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The achievable SE with ZF scheme is also 

increasing function of  𝑃𝑢.  The SE and the EE were 

derived with Taylor series expansion as follows, 

 

𝑅𝑖𝑚𝑝 =
𝑇𝑐−𝜏

𝑇𝑐
𝑘𝑙𝑜𝑔2(𝑒)𝜏(𝑀 − 1)𝑅𝑖𝑚𝑝

𝑀𝑅𝐶𝑃𝑢
2     (30) 

  

𝜂𝑖𝑚𝑝
𝑍𝐹 = √

𝑇𝑐−𝜏

𝑇𝑐
𝑘𝑙𝑜𝑔2(𝑒)𝜏(𝑀 − 1)𝑅𝑖𝑚𝑝

𝑍𝐹         (31) 

5. Simulation results and discussion 

In this section, the simulation results were 

presented and compared for the linear processing 

algorithms. We demonstrated the impact of perfect 

and imperfect CSI on the SE with increasing the BS 

antennas. The transmitted power per user  𝑃𝑢 =
10 𝑑𝐵   for the UL channel estimation. The low 

optimum coherence block length is equal to 𝑆𝑇 =
200  (200 KHz for coherence bandwidth and 1 ms   

for coherence time) and path loss exponent  𝛾 = 3.7. 
The payload data are encoded with 5 bits/symbol. 

The simulation results were demonstrated by using 

the modulation scheme 64- quadrature amplitude 

modulation (QAM) with 3/4 code rate.  The 

simulation parameters were presented in Table 1 and 

performed by using MATLAB 2018a. 

It was noticed that the improving the value of 𝑆𝑇 

greater than 400 attains low system performance. 

Specifically, when the BS antennas of the system 

were observed by M=100. Since the M/K ratio is 

very small. Hence, the simulation results show that 

increasing the BS antennas more than M=500, can 

increase the SE in a cell. Since the increasing 

coherence block length could schedule a large 

number of UTs in a system. But ICI is the most 

significant problem which limits the SE. The impact 

of imperfect CSI on the SE was demonstrated in 

[38-40], when the BS antennas were M=300. By 

considering MMSE scheme the ICI can be 

decreased with increasing antennas at the BS.  

Fig.3 shows the variation of per-UT SE versus 

antennas at the BS with perfect and imperfect CSI. 

The peak value of per-UT SE of 2.7 bits/s/Hz is 

achieved with MMSE when the BS antennas were 

M=340 with perfect CSI. It is noticed that ZF 

scheme is achieved the per–UT SE of 2.5 bits/s/Hz 

with M=270 and imperfect CSI respectively. Finally, 

the low per-UT of 1 bits/s/Hz is observed with MRC 

M=60 and imperfect CSI. It is identified that the 

per-UT SE reached to a peak value with maximum 

BS antennas by serving large numbers of UTs. The 

per-UT SE is saturated to a constant value due to the 

impact of imperfect CSI. 

 

Table 1. Simulation parameters  

S.No Parameter Value 

1 Coherence block length 200 

2 Path-loss exponent 3.7 

3 Pilot reuse pattern 7 

4 
SNR 

-10:.1:25 

dB 

5 Maximum number of UTs 100 

 

 
Fig.3 per-UT SE   Vs number of BS antennas with 

M=500 

 

 

Fig.4 SE   Vs antennas at the BS with M=500 

 

In this section, simulation results were presented 

in real-time by considering the perfect and imperfect 

CSI. The Fig.4 shows the variation of SE versus the 

BS antennas with imperfect CSI. In this case, the 

maximum number of antennas is equal to M=500. 

We observed that the SE of the massive MIMO 

system increases linearly with antennas at the BS. 

The maximum SE 125 bit/s/Hz was observed by 

using MMSE with M=500 and serving 20 UTs. 

Similarly, the ZF scheme was achieved 120 bit/s/Hz 
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with imperfect CSI and 64-QAM. Finally, MRC was 

noticed as 110 bits/s/Hz only. Interestingly, the 

simulation results show remarkable improvement of 

25 bits/s/Hz with MMSE compared to the MRC 

respectively in the DL scenario. The maximum SE 

is decreased by 5 bits/s/Hz with ZF compared to the 

MMSE with M=500.Since the impact of 

interference from Eq. (15) due to imperfect CSI in 

the DL scenario. 

Fig.5 shows the variation of SE with the UTs 

and perfect CSI. We considered the number of UTs 

were 100.We identified that the SE exponentially 

increases with UTs. The peak value of SE 80 

bit/s/Hz is observed with MMSE for 25 UTs. We 

noticed that by increasing the BS antennas the ZF 

will follow the MMSE scheme. Where the MRC 

scheme is achieved only 60 bits/s/Hz due to the 

impact of imperfect CSI. Whilst changing the pilot 

reuse factor   has an immense impact on the SE 

expressions Eq. (14), Eq. (18) presented in the 

section. 3. In order to achieve the high SE, the 

number of BS antennas as M=2000, and the pilot 

reuse factor  𝜆 = 7. Thus the pilot signal consumes 2 

to 40% of the total frame in the simulation. 

 Similarly, Fig.6 illustrates the variation of the 

SE when the maximum number of the BS antennas 

is equal to M=2000. By increasing the BS antennas 

to 2000, the large variation was observed in SE by 

serving 100 UTs. From the simulation results, it has 

been identified that the SE of the massive MIMO 

system saturates when the BS antennas were 

M=2000.  Table 2 shows comparison of SEs for the 

DL scenario with perfect and imperfect CSI by 

using the BS antennas M=2000.Here, the peak value 

of SE was observed as 200 bits/s/Hz by using the BS 

antennas M=2000 with proposed MMSE and perfect 

CSI respectively. But it was noticed only 11 bit/s/Hz 

from the results [1], and 170 bits/s/Hz [30] due to 

the impact of imperfect CSI. The peak SE of   180 

bits/s/Hz [41] was obtained by using MMSE with 

the BS antennas M=1500. It is observed that there is 

an improvement of 20 bits/s/Hz in the proposed 

MMSE with the results of [41], 30 bits/s/Hz [30], 

and 189 bits/s/Hz [1] with perfect CSI scenario. 

Similarly, the proposed ZF scheme is obtained 

the SE 185 bits/s/Hz. But, it was observed only 8 

bits/s/Hz [1], 165 bits/s/Hz [30], and 170 bits/s/Hz 

[41] with ZF and imperfect CSI. Finally, the 

proposed MRC is noticed with 180 bits/s/Hz with 

perfect CSI and outperformed than the result of [1] 

with 3 bits/s/Hz, 150 bits/s/Hz [30], and 160 

bits/s/Hz [41] respectively.  

In this work, it was identified that there was an 

enhancement of 15 bits/s/Hz, and 20 bits/s/Hz 

 

 
Fig.5 SE Vs number of UTs with K=100 

 

 
Fig.6 SE   Vs antennas at the BS with 2000. 

 
Table 2.  Comparison of SEs with linear schemes

 

 

Precoding 

scheme 

SE (bits/s/Hz) Proposed SE 

(bits/s/Hz) 

MRC 

3 [1], 

150 [30], 

160 [41] 

180 

ZF 

8 [1], 

165 [30], 

 170[41] 

185 

MMSE 

11 [1], 

170 [30], 

 180[41] 

200 

 

associated with ZF and MRC when compared to 

[41]. The SEs were increased with proposed ZF and 

MRC by 20 bits/s/Hz, and 30 bits/s/Hz when 

compared with results of [30]. The improvement of 

SE 177 bits/s/Hz is observed with the proposed ZF 

and MRC when compared with the results of [1]. 

Our simulation results outperformed than the results 

of [1, 30, 41] when the BS antennas M=2000. The 

SE is decreased by 20 bits/s/Hz and 30 bits/s/Hz 
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[41] from the proposed ZF and MRC during the DL 

transmission. This can be demonstrated due to the 

impact of the interference in Eq. (15). Here, the 

interference was introduced due to imperfect CSI in 

the UL channel estimation. 

The simulation results validate the peak SE is 

achieved by using the MMSE and ZF with perfect 

CSI. It was identified that low SE was observed with 

MRC and remaining scenarios due to imperfect CSI 

and degradation of antennas at the BS. From the 

results observed in this section and in section. 4, the 

maximum SE is achieved with antennas at the BS 

varying by using linear precoding algorithms.  The 

simulation results also validate that the ZF, MMSE 

and MRC with high hardware quality were 

considered to improve the SE in massive MIMO 

applications. 

6. Conclusion 

In this paper, the maximum SE of 200 bits/s/Hz 

achieved for the multi-cell system and its limiting 

factors were explored. We have investigated the 

optimization of achievable SE and EE with perfect 

and imperfect CSI in massive MIMO systems. The 

process of estimating the channel required 40-50% 

of coherence blocks and the remaining blocks used 

for the training purpose. We derived the exact 

expressions for upper and lower SE scenario. The 

simulation results were in good agreement with 

theoretical Shannon capacity calculations. The SE 

results obtained based on the parameters, such as 

varying antennas at the BS M, optimal UTs 𝑘 , and  

the pilot reuse factor λ=7. It has been observed that 

the ZF provide better SE than the MRC under best 

and worst case interference regime. It was noticed 

that the MMSE method achieved the highest SE of 

200 bit/s/Hz over the other reported schemes with 

limited UTs.  But the MRC scheme was obtained 

with lower SE 180 bits/s/Hz with more UTs.  The 

ZF approached the MMSE under the best case 

interference with SE of 185 bit/s/Hz. It was shown 

that the MMSE outperformed than the ZF under the 

worst case scenario.  It was identified that the BS 

antennas increase to a larger value when the SE 

advanced to a constant value with perfect CSI. But 

the SE drastically decreased to a lower value with 

imperfect CSI.  

Furthermore, it was validated experimentally 

that the imperfect CSI has a larger impact on the SE. 

The multiplexing techniques, ZF, MMSE and MRC 

with high hardware quality could be considered to 

improve the SE in future massive MIMO 

applications. 
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