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Abstract 
 The exponential growth in demand for high data rate transmission to users in fifth generation 

wireless networks, focus there has been a particular research focus on new techniques that achievable high 
data rate by suppressing interference between neighboring cells. In this paper, we propose that system 
performance can be improved by using perfect channel estimation and reducing effective interference with 
pilot reuse that mitigate strong pilot contamination based on the knowledge of large-scale fading coefficients. 
We derived the lower bounds on the achievable data rate in downlink by analyzing  
the performance of the zero-forcing precoding method and derive the signal-to-interference noise ratio to 
mitigate interference between neighboring cells. From the simulation results, the large pilot reuse sequences 
improved the achievable data rate and provided better estimation for a channel. When  
the number of users is large, the interference between neighboring cells can be suppressed by using 
orthogonal pilot reuse sequences. 
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1. Introduction 

Massive multiple-input-multiple-output (MIMO) systems are a permission technology 
designed to be used in future cellular networks to increase the data rate and improve energy 
efficiency. The use of a large antenna arrays with a high degree of freedom is able to mitigate 
uncorrelated interference, thermal noise, and the effects of fast fading will be vanished [1, 2]. 
Furthermore, each cell is contaminated with the interference cause by the use of the correlated 
pilot sequences in the neighbouring cells. Pilot contamination occurs due to pilot reuse sequences 
caused by sharing the non-orthogonal pilots for users between different cells and  
the limited capacity of the system. The pilot reuse sequence scheduler at a base station (BS) that 
is able to assign and allocate the available pilot reuse sequences to users [3, 4]. 

The major challenge in massive MIMO systems is how to acquire channel state 
information (CSI) at the BS. The channel estimation is crucial in massive multiple-input-multiple 
output systems; it is assumed that channel reciprocities were the same in uplink (UL) and downlink 
(DL). On the other hand,  the user sent the same pilot reuse sequences in same time during 
channel estimation to eliminate pilot contamination [5, 6]. Massive MIMO systems work in time 
division duplex mode. The channel estimation can be obtained in time division duplex (TDD) by 
exploited channel reciprocity, the conventional training overhead for CSI is correlated with 
channel training when the number of UEs is independent of the number of antennas [7, 8]. Due 
to the property of the law of large number of users and antennas the random channel become 
near deterministic, where the channel estimation is a challenges issue for achieving multi-antenna 
gain. Increasing the number of transmit pilot reuse sequences for large-scale fading is able to 
suppress pilot contamination in multi-cell massive MIMO systems [9].  

The author in [10] studied pilot contamination, channel estimation, and antenna 
correlation for both UL and DL as the number of antennas approaches infinity at a fixed number 
of users using eigen-beamforming and the matched filter. The author in [11] focused on reducing 
pilot overhead for spatially correlated Rayleigh fading channels based on the trade-off between 
pilot interference and pilot overhead when the number of orthogonal pilots reuses is smaller than 
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the number of users. The authors in [12] used the scheduled allocation of pilot reuse sequences 
based on the degradation of the users by added set of orthogonal pilot reuse sequences to 
mitigate pilot contamination. The authors in [13] used practical channel estimation with 
approximate analytical mean square error to suppress pilot contamination without previous 
knowledge of inter-cell interference and large-scale fading. All BS antennas can be estimated at 
transmit pilots in the same time based on a set of mutually orthogonal pilot reuse sequences to a 
neighboring cell. Another study [14] improved spectral efficiency through user scheduling and 
pilot assignment based on the direction of their channels and orthogonal training sequences in a 
DL time division duplex. We derived the lower bounds on the achievable data rate in DL by 
analyzing the performance of the ZF precoding method and using the SINR to mitigate 
interference between neighboring cells. Based on transmitting the same pilot reuse sequences in 
the same cell and using mutually orthogonal pilot sequences in a neighboring cell. Finally, 
improved data rate performance can be obtained via zero-forcing (ZF) precoding using pilot reuse 
sequences with an increasing number of antennas 𝑀, which increases the gain and suppresses 
interference between neighboring cells. 
 
 
2. Research Method 

We consider a DL multi-cell massive MIMO wireless system with 𝐿 cells. Each cell 

consists of one BS with 𝑀 antennas to serve 𝐾 active users (UEs), where 𝑀 ≫ 𝐾. We assume 

that the BS has imperfect CSI. The channel vector ɠ𝑗𝑙𝑘 ∈ ∁
𝑀×1 from the lth BS and kth user of the 

𝑗 𝑡ℎ cell can be formulated as  
 

ɠ𝑗𝑙𝑘 = 𝒢𝑗𝑙𝑘√𝜑𝑗𝑙𝑘 ,   (1) 

 

where 𝒢𝑗𝑙𝑘 is the small-scale fading coefficient, 𝒢𝑙𝑗𝑘 ∈  ∁
𝑀×1, ∁𝒩(0, 𝐼𝑀), and 𝜑𝑗𝑙𝑘  is  

the large-scale fading of transmission signals from different antennas in the same BS due to path 
loss and shadowing. From BS 𝑙, the transmission signal to UEs is the 𝑀 × 𝐾 precoding matrix, 

and the received signal at UE 𝐾 in cell 𝑗 can be written as  
 

𝒴𝑗𝑘 = √𝑄𝑑  ∑ ɠ𝑗𝑙𝑘  𝒲𝑗𝑙  𝓋𝑗𝑙 + 𝓃𝑗𝑘
𝐿
𝑙=1 ,    (2) 

 

where 𝒲𝑗𝑙  = [𝒲𝑗𝑙1,𝒲𝑗𝑙2 , . . . . . ,𝒲𝑗𝑙𝑘] ∈ ∁
𝑀×𝐾 is the precoding matrix of 𝑀 × 𝐾, 𝑡𝑟|𝒲𝑗𝑙𝒲

𝐻
𝑗𝑙| = 1, 

𝓋𝑗𝑙 = [𝓋𝑗𝑙1 , 𝓋𝑗𝑙2 , . . . . . , 𝓋𝑗𝑙𝐾] ∈ ∁
𝐾~ ∁𝒩(0, 𝐼𝐾) is the complex data vector of users, 𝑄𝑑 is  

the transmission power of the BS, ɠ𝑗𝑙𝑘 is the channel matrix from BS to UEs in cell 𝑙 and 

𝓃𝑗𝑘  ~∁𝒩(0, 𝐼𝑀)  is the additive white Gaussian noise (AWGN) with zero mean and  

covariance variables. 
 
2.1. Channel Estemation  

We assume the BS and UEs are working under a time division duplex (TDD), where every 
UE inside the cell transmits mutually orthogonal pilot sequences through a training phase to 
compute estimation channel ɠ𝑗𝑗𝑘. All BS antennas can be estimated at the same time using the 

mutually orthogonal pilot sequences in every cell. Based on the estimation of the channel vector 

at the 𝑗 𝑡ℎ BS [15], the received training signal from the pilot reuse sequences 𝒳𝑗𝑘
𝑡𝑟of  

the UEs from all neighboring cells can be written as 
 

𝒳𝑗𝑘
𝑡𝑟 = ɠ𝑗𝑗𝑘 +∑ ɠ𝑗𝑙𝑘

𝐿
𝑙=1,𝑙≠𝑗 +

𝓃𝑗𝑘

√𝜎𝑡𝑟
 ,    (3) 

 
where 𝜎𝑡𝑟 is the effective training signal-to-noise ratio (SINR), according to the properties of  
the minimum mean square error (MMSE) of channel estimation. The accuracy of a channel 

depends on the large scale multiple antennas for large-scale fading at multiple ɠ̂𝑗𝑗𝑘  by 𝒳𝑗𝑘
𝑡𝑟 and 

can be written as  
 

ɠ̂𝑗𝑗𝑘 = 𝜑𝑗𝑗𝑘  𝛰𝑗𝑘  𝒳𝑗𝑘
𝑡𝑟.    (4) 
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Increasing the training phase improves the channel quality [16], and the training signal 
based on pilot reuse sequences will be shared by the training phases for TDD-based channel 
estimation to calculate channel observations as 

 

ɠ̂𝑗𝑗𝑘 = 𝜑𝑗𝑗𝑘  𝛰𝑗𝑘 ∑ ɠ𝑗𝑙𝑘
𝐿
𝑙=1,𝑙≠𝑗 +

𝓃𝑗𝑘

√𝜎𝑡𝑟
 .   (5) 

 

the estimate of MMSE for the distributed channel ɠ̂𝑗𝑗𝑘~∁𝒩(0,𝛹𝑗𝑗𝑘), where  

 

𝛹𝑗𝑙𝑘 = 𝜑𝑗𝑗𝑘  𝛰𝑗𝑘  𝜑𝑗𝑙𝑘,   (6) 

 
the channel variance for a UE in the lth cell to the target BS antenna arrays. 

 

𝛰𝑗𝑘 = (∑ 𝜑𝑗𝑙𝑘
𝐿
𝑙=1,𝑙≠𝑗 +

𝐼𝑀

𝜎𝑡𝑟
 )
−1

.   (7) 

 
From the properties and orthogonally of MMSE the estimation channel error, we can 

decompose the channel ɠ̅𝑗𝑗𝑘as ɠ̅𝑗𝑗𝑘 = ɠ𝑗𝑗𝑘 − ɠ̂𝑗𝑗𝑘, , where ɠ̅𝑗𝑗𝑘  ~∁𝒩(0, 𝜑𝑗𝑗𝑘 − 𝛹𝑗𝑗𝑘), represent 

uncorrelated channel and is independent of ɠ̂𝑗𝑗𝑘. The high performance system can be obtained 

based on the limited number of pilot reuse sequences arising from the sharing of  
non-orthogonal pilots for a user between different cells. The pilot contamination effected to 
channel, to suppress pilot contamination and increase the capacity for users, require limited  
the number of users by using available of pilot reuse sequences 𝜏𝑝 = 𝐾 = ∞. To estimated 

channel for each UE at transmission signal from BS to the UEs, we used the training signal 

𝒳𝑗𝑘
𝑡𝑟  with known pilot reuse sequences. The received signal at the BS during pilot transmission 

can be written as  
 

ф𝑗𝑙𝑘 = √ 𝑄𝑑𝜏𝑝 ∑ ɠ𝑗𝑙𝑘
𝐿
𝑙=1 +

𝐼𝑀

𝜌
 ,  (8) 

 
where 𝜏𝑝 is the symbol of pilot reuse sequences. Using the same pilot reuse sequences for users 

in neighboring cells leads to contamination in channel estimation. We evaluate  

the properties of MMSE for channel estimation to obtain better pilot reuse sequences for UE ɠ̂𝑗𝑙𝑘 

using Bayesian estimators. We suppose that each channel can be estimated separately using  
the MMSE of the 𝐾𝑡ℎ UE [16], and can be expressed as  
 

ɠ̂𝑗𝑙𝑘  = 𝔼‖ɠ̅𝑗𝑙𝑘 − ɠ𝑗𝑙𝑘‖
2
 

      = 𝔼 {|𝛰𝑗𝑘(ф𝑗𝑙𝑘 +) − ɠ𝑗𝑙𝑘|
2
} 

      = 𝔼 {|(𝛰𝑗𝑘 − 𝐼𝑀)(ф𝑗𝑙𝑘) + 𝓃𝑙𝑘|
2
} 

      = {𝜑𝑗𝑙𝑘(𝛰𝑗𝑘 − 𝐼𝑀)(𝛰𝑗𝑘 − 𝐼𝑀)
𝐻
(ф𝑗𝑙𝑘) + 𝜎

2𝐼𝑀} 

ɠ̂𝑗𝑙𝑘 =       {𝜑𝑗𝑙𝑘(𝛰𝑗𝑘 −        𝐼𝑀) (𝛰𝑗𝑘 −  𝐼𝑀)
𝐻
(𝒢𝑗𝑙𝑘(𝑄𝑑𝜏𝑝 ∑ 𝜑𝑗𝑙𝑘

𝐿
𝑙=1 )𝒢𝑗𝑙𝑘

𝐻 )ф𝑗𝑙𝑘 +  𝜎
2𝐼𝑀}   

ɠ̂𝑗𝑙𝑘 = {𝜑𝑗𝑙𝑘 ((
𝐼𝑀

𝜌
+ ∑ 𝜑𝑗𝑙𝑘

𝐿
𝑙=1 )

−1

 −  𝐼𝑀) ((
𝐼𝑀

𝜌
+ ∑ 𝜑𝑗𝑙𝑘

𝐿
𝑙=1 )

−1

−

        𝐼𝑀)
𝐻

((𝒢𝑗𝑙𝑘( 𝑄𝑑𝜏𝑝 ∑ 𝜑𝑗𝑙𝑘
𝐿
𝑙=1 )𝒢𝑗𝑙𝑘

𝐻 )ф𝑗𝑙𝑘) +  𝜎
2𝐼𝑀}   (9) 

 

ɠ̂𝑗𝑙𝑘 =
𝑄𝑑𝜏𝑝𝜑𝑗𝑙𝑘

1+𝑄𝑑𝜏𝑝 ∑ 𝜑𝑗𝑙𝑘
𝐿
𝑖=1

𝒢𝐻
𝑗𝑙𝑘
ф𝑗𝑙𝑘.     (10) 

 
The channel matrix is independent and identically distributed (i.i.d) according to  

the propagation channel matrix between BSs for non-line of sight components. 
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2.2. Achievable Downlink Data Rate  
In a massive MIMO system, it is expected that the achievable data rate can be maximized 

by assigning the pilot reuse sequences 𝜏𝑝 to 𝑘𝑡ℎ UE in every cell. The average channel estimation 

that enables every BS to detect the data signal from the UEs by applying  

the linear precoding matrix  𝒲𝑗𝑙𝑘  ∈ ∁
𝑀 to receive the signal and removing the interference caused 

by other users. The achievable data rate based on worst-case uncorrelated noise can  
be written as  

 

ℛ𝑗𝑘 = ∑ ∑ ( 1 − 
𝜏𝑝 𝐾

𝑆
 )𝐾

𝑖=1
𝐿
𝑙=1 [𝑙𝑜𝑔2(1 + 𝜉𝑗𝑘

𝑑𝑙)],        (11) 

 

where ( 1 − 
𝜏𝑝  𝐾

𝑆
) represents the loss of the pilot signal for the pre-log factor, and 𝑆 represents 

the coherence block interval. We derived the lower bound of an achievable data rate in based on 
the SINR due to the pilot reuse sequences under perfect covariance matrix estimation,  
the received signal can be written as   
 

𝛶𝑗𝑘 = √𝑄𝑑𝜏𝑝𝔼{ɠ 𝑗𝑗𝑘
𝐻 𝒲𝑗𝑘}𝓋𝑗𝑘 + √𝑄𝑑𝜏𝑝 ∑ (

𝐾

𝑖=1,𝑖≠𝑘

ɠ 𝑗𝑗𝑘
𝐻 𝒲𝑗𝑘 − 𝔼{ɠ 𝑗𝑗𝑘

𝐻 𝒲𝑗𝑘})𝓋𝑗𝑘 +  

√𝑄𝑑𝜏𝑝 ∑ ∑ ɠ 𝑗𝑙𝑘
𝐻 𝒲𝑙𝑘

𝐾
𝑖=1

𝐿
𝑙=1,𝑙≠𝑗 𝓋𝑙𝑘 + 𝓃𝑗𝑘 .         (12)  

 

If all the channels are uncorrelated Rayleigh fading the effective SINR 𝜉𝑗𝑘
𝑑𝑙 =

𝔼|𝔻 |2

𝔼|𝕌 |2
,  

from [17] the desired signal (𝔻) for SINR, the pilot reuse sequences can be estimated between 

channel ɠ 𝑗𝑙𝑘
𝐻  and the precoding matrix with 𝑀 × 𝐾. Poor channel estimation can occur due to 

interference between neighboring cells as a result of precoding vectors with a controlling 
eigenvector. The SINR can be evaluated based on the desired signal  

 

𝔼|𝔻 |2 = 𝑄𝑑𝜏𝑝|𝔼 [ɠ 𝑗𝑗𝑘
𝐻 𝒲𝑗𝑘]|

2
.      (13) 

 
from the uncorrelated noise (𝕌) we simplify as  

 

𝔼|𝕌|2 = 𝑄𝑑𝜏𝑝 ∑ ∑ 𝔼 [|ɠ 𝑗𝑙𝑘
𝐻 𝒲𝑙𝑘|

2
]𝐾

𝑖=1
𝐿
𝑙=1,𝑙≠𝑗 − ∑  𝑄𝑑𝜏𝑝 |𝔼 [ɠ 𝑗𝑗𝑘

𝐻 𝒲𝑗𝑘]|
2𝐿

𝑖=𝑙 + 𝜎2 .   (14) 

 
interference increases as the number of antennas moves toward infinity. We analyze the DL 
SINR of the UEs in cell 𝑙. The effective SINR can be expressed as  

 

𝜉𝑗𝑘
𝑑𝑙 =

𝑄𝑑𝜏𝑝|𝔼 [ɠ 𝑗𝑗𝑘
𝐻 𝒲𝑗𝑘]|

2

𝑄𝑑𝜏𝑝 ∑ ∑ 𝔼[|ɠ 𝑗𝑙𝑘
𝐻 𝒲𝑙𝑘|

2
]𝐾

𝑖=1
𝐿
𝑙=1,𝑙≠𝑗 −∑  𝑄𝑑𝜏𝑝 |𝔼 [ɠ 𝑗𝑗𝑘

𝐻 𝒲𝑗𝑘]|
2

𝐿
𝑖=𝑙 + 𝜎2

 .   (15) 

 
to evaluate system performance, we introduce zero-forcing precoding to achieve the array gain 
(𝑀 − 𝐾) and mitigate strong interference from the other cells. 

 

𝒲𝑗𝑘 =
𝔼|�̃�𝑗𝑙𝑘(�̃�𝑗𝑙𝑘

𝐻 �̃�𝑗𝑙𝑘)
−1
|

𝔼{‖�̃�𝑗𝑙𝑘(�̃�𝑗𝑙𝑘
𝐻 �̃�𝑗𝑙𝑘)

−1
‖
2

}

1/2 .      (16) 

 
From the numerator in (15), we use the minimum mean square error properties at  

the BS, which has perfect knowledge of the covariance matrices channel. The estimation row 

vector of ɠ𝑗𝑙𝑘 for the transmission signal from the BS between the UEs in 𝑗 𝑡ℎ cell and the BS in 

the 𝑙 𝑡ℎ cell can be estimated according to [17], with linear zero-forcing precoding able to achieve 

the array gain (𝑀 − 𝐾) from the properties of the covariance channel in [18, 19]: 
 

𝑄𝑑|𝔼 [ɠ 𝑗𝑗𝑘
𝐻 𝒲𝑗𝑘]|

2
= 𝑄𝑗𝑘(𝑀 − 𝐾) 𝑣𝑎𝑟(ɠ𝑗𝑙𝑘) .    (17) 
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In addition, reducing the inter-user interference for signals is crucial in obtaining less 
noise variance. From the worst-case Gaussian noise the channel variance for precoding vector, 
the received training signal for large-scale fading φjlk that is reflected by the transmission signal 

from the BS, which should acquire the covariance matrices for the channel estimation vectors 
from all of the UEs, where the covariance matrix is able to suppress pilot contamination [20, 21]. 
The variance channel can be simplified as  

 

𝑣𝑎𝑟(ɠ̂𝑗𝑙𝑘) =
𝐶𝑜𝑣[ɠ̂𝑗𝑙𝑘 ф𝑗𝑙𝑘]

𝑣𝑎𝑟[ф𝑗𝑙𝑘]
=

𝑄𝑑𝜏𝑝𝜑𝑗𝑙𝑘

1+𝑄𝑑𝜏𝑝∑ 𝜑𝑗𝑙𝑘
𝐿
𝑖=1

 .     (18) 

 

from the denominator in (15), the number of antennas 𝑀2 increases according to the desired 

signal for the average channel gain |𝔼 [ɠ 𝑗𝑙𝑘
𝐻 𝒲𝑗𝑘]|

2
. The second term in the denominator in (15) is 

similar, 𝜌𝑑|𝔼 [ɠ 𝑗𝑗𝑘
𝐻 𝒶𝑗𝑘]|

2
= 𝑀𝑣𝑎𝑟(ɠ𝑗𝑗𝑘). The transmission data signal for all variables and 

independent identically distributed (i.i.d.) linear vector precoders of the users [22, 23] {𝒲𝑗𝑖}𝑘=1
𝐾

 is 

distributed as 
 
𝔼[𝒲𝑙𝑖] = 1 , 𝑘 = 1,2, . . . . . , 𝐾        (19) 
 

𝔼[𝒲𝑗𝑘𝒲𝑗𝑘
𝐻] = 0,    𝑘 ≠ 𝑗      (20) 

 

∑ ∑ 𝑄𝑑𝔼 [|ɠ 𝑗𝑙𝑘
𝐻 𝒲𝑗𝑘|

2
] = 𝑄𝑗𝑘𝔼 |ɠ𝑗𝑙𝑘|

2
=  𝑄𝑗𝑘𝑣𝑎𝑟(ɠ̂𝑗𝑙𝑘)

𝐾
𝑖=1

𝐿
𝑙=1,𝑙≠𝑗   (21) 

 

𝑣𝑎𝑟[ф𝑗𝑙𝑘] = 1 + 𝑄𝑑𝜏𝑝 ∑ 𝜑𝑗𝑙𝑘
𝐿
𝑖=1      (22) 

 

𝐶𝑜𝑣[ɠ𝑗𝑙𝑘  ф𝑗𝑙𝑘] = √ 𝑄𝑑  𝜏𝑝 ɠ̂𝑗𝑙𝑘 .      (23) 

 
when the pilot reuse sequences are assigned to the UEs, both the assigned pilot reuse sequences 
and the UEs are removed from the pilot reuse sequence pool. We analyzed  
the denominator for (15) by mitigated inter-user interference at reuse pilot sequences when  
the number of antennas move towards infinity, and the variance channel [10, 24, 25]  

𝑣𝑎𝑟{ɠ̃𝑙𝑗𝑘
𝐻 𝒲𝑗𝑘}

𝑀→∞
→   0 is as follows:  

 

𝑄𝑑 ∑ ∑𝔼[|ɠ 𝑗𝑙𝑘
𝐻 𝒲𝑗𝑘|

2
]

𝐾

𝑖=1

𝐿

𝑙=1,𝑙≠𝑗

− 𝑄𝑑|𝔼 [ɠ 𝑗𝑙𝑘
𝐻 𝒲𝑗𝑘]|

2
+ 𝜎2 = 𝑄𝑑(𝑀 − 𝐾) 𝑣𝑎𝑟(ɠ̂𝑗𝑙𝑘) + 

    ∑ ∑ 𝑄𝑑𝑣𝑎𝑟(ɠ̂𝑗𝑙𝑘) + 𝜎
2𝐾

𝑖=1
𝐿
𝑙=1,𝑙≠𝑗  .  (24) 

 
In order to simplify the downlink effective SINR of the k th user for ZF precoding according 

to (17) and (24), for an increasing number of antennas and UEs when 𝑀 and 𝐾 → ∞, the formula 
for the SINR can be derived as  

 

𝜉𝑗𝑘
𝑑𝑙−𝑧𝑓

=
(𝑀−𝐾)𝑣𝑎𝑟(ɠ̂𝑗𝑙𝑘)

(𝑀−𝐾)𝑣𝑎𝑟(ɠ̂𝑗𝑙𝑘)+∑ 𝛹𝑗𝑘
𝐿
𝑙=1,𝑙=𝑗 +∑ ∑ 𝑣𝑎𝑟(ɠ̂𝑗𝑙𝑘)

𝐾
𝑖=1

𝐿
𝑙=1,𝑙≠𝑗 +

𝜎2

𝑄𝑑

 .    (25) 

                                                                                  
The achievable high data rate with ZF precoding can be improved based on using  

the pilot reuse sequences are developed to allocated the pilot 𝜏𝑝 and mitigate pilot contamination 

using SINR [9, 24, 25]. The closed form for the achievable data rate in DL can be investigated 
based on the minimum MMSE for the channel estimation error with pilot reuse sequences and is 
given as  

                                                                                                                                              

ℛ𝑧𝑓𝑗𝑘  ∑ ∑ (1 −
𝜏𝑝 𝐾

𝑆
 )𝐾

𝑖=1
𝐿
𝑙=1 𝑙𝑜𝑔2 (1 +

(𝑀−𝐾)(
𝑄𝑑𝜏𝑝𝜑𝑗𝑗𝑘

1+𝑄𝑑𝜏𝑝∑ 𝜑𝑗𝑙𝑘
𝐿
𝑖=1

)

(𝑀−𝐾)
𝑄𝑑𝜏𝑝𝜑𝑗𝑙𝑘

1+𝑄𝑑𝜏𝑝∑ 𝜑𝑗𝑙𝑘
𝐿
𝑖=1

+∑ 𝛹𝑗𝑘
𝐿
𝑙=1,𝑙=𝑗 +∑ ∑ (

𝑄𝑑𝜏𝑝𝜑𝑗𝑗𝑘

1+𝑄𝑑𝜏𝑝∑ 𝜑𝑗𝑙𝑘
𝐿
𝑖=1

)𝐾
𝑖=1

𝐿
𝑙=1,𝑙≠𝑗 +

𝜎2

𝑄𝑑

) .   (26) 
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3. Results and Analysis 
In this section, we use Monte-Carlo simulations to analyze the numerical results. In 

addition to, we evaluate the system performance for linear precoding techniques of zero-forcing 
precoding based on an estimate the knowledge of large-scale fading coefficients of channel 
estimation and reducing effective interference with pilot reuse that mitigates strong pilot 
contamination. From Figure 1, when the number of BS antennas increases, the data rate 
depended on the employment of different reuse pilot sequences can be obtained based on (11), 
(15) and (26), where the number of orthogonal pilot reuse sequences for the users in neighboring 
cells whose relative good channel estimation performance according to (25). From Figure 1, the 
achievable data rate increases with an increase in the number of BS antennas due to the 
orthogonal pilot reuse sequences. Therefore, a higher data rate can be achieved based on reuse 
large number of pilot sequences 𝜏𝑝 = 7, that able to suppression of the interference between 

neighboring cells due to orthogonal pilot reuse sequences between adjacent cells for large-scale 
fading when the number of pilot reuses 𝜏𝑝 = 7,  compared with the pilot reuse sequences  

𝜏𝑝 = {3, 1}.  

Figure 2 illustrates the variation in the achievable data rate with the number of pilot 
sequences. When the number of pilot reuse sequences is equal to the number of users 𝜏𝑝 = 𝐾, 

the high data rate can be achieved based on large pilot reuse sequences and a uniformly 
distributed number of users around the BS. When the number of pilot reuse sequences is large 
enough for the different number of antennas at the BS, i.e., where 𝑀 = 16, 32, 64 and 128, pilot 
contamination is reduced. Moreover, according to (26), a higher data rate is achieved when  
the number of pilot reuse sequences is 𝜏𝑝 = 7 compared to 𝜏𝑝 = 1. Moreover, when the number 

of users is large, the interference between neighboring cells can be suppressed due to the use of 
orthogonal pilot reuse sequences. 
 
 

 
 

Figure 1. Achievable data rate by the number of BS antennas 
 
 

 
 

Figure 2. Achievable data rate by the number of pilot reuse sequences 
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4. Conclusion 
In this paper, we evaluated the lower bound for the achievable data rate based on 

suppressed pilot contamination between neighboring cells as a result of the use of  
non-orthogonal pilot reuse sequences transmitted by UEs to different cells. Consequentially,  
the data rate can be optimized by large pilot reuse sequences and a uniformly distributed number 
of users around the BS. In addition to this, distributed large a number of users,  
the interference between neighboring cells can be suppressed due to orthogonal pilot reuse 
sequences. Higher data rates can be achieved by suppressing the interference between 
neighboring cells based on orthogonal pilot reuse sequences between adjacent cells for large 
scale fading. 
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