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ABSTRACT 

In this paper, the least-squares channel estimation (LSCE) is investigated for Massive-Multiple-Input Multiple-

Output (Ma-MIMO) OFDM systems based on pilot tones. The uplink (UL) transmission is considered, in which a 

channel estimation approach is proposed by forming a matrix equation with all the unknown channel parameters 

(UCPs) in one vector and estimating that vector by the least-square (LS). The mean square error (MSE) of the 

LSCE is computed. Flat fading and frequency-selective fading are evaluated for single and multiple OFDM 

symbols, concerning this MSE. The requirement of the pilot sequence is investigated in flat fading and frequency-

selective fading. Besides, it is shown that the number of pilots exhibits desirable trade-offs between the base station 

(BS) antenna and channel taps. Rayleigh and Rician channel fading is considered to evaluate the system 

performance with different channel taps. Performances are compared in terms of Bit Error Rate (BER). Moreover, 

to enhance linear detector performance, nonlinear detectors are used. The requirement of pilot sequence and the 

increased receive diversity provide a lower BER for the nonlinear detector. 

KEYWORDS 
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1. INTRODUCTION 

Wireless mobile networks are classified into three broad categories. The first is satellite technologies 

(DVB-S2, TS2...), the second is wireless technologies (PAN, WLAN, WMAN, Wimax, ...) and the third 

is cellular technologies (GSM, GPRS, UMTS, LTE, 5G, ...). 5G is a promising technology based on 

Ma-MIMO between transceiver. Recently, in a world of great mobility, the speed and capacity of 

communication systems are essential elements to keep people from all over the world in communication. 

Ma-MIMO is also known as very large MIMO, ARGOS, large-scale antenna systems, full-dimension 

MIMO and hyper MIMO [1]. It’s a promising emerging communication technology for 5G cellular 

networks [2]. Increasing the number of antennas at the BS, Ma-MIMO combined with orthogonal 

frequency-division multiplexing (OFDM) can support very high throughput and/or performance of the 

links as well as spectral efficiency [3]. In an OFDM system, like all wireless communication systems, 

the received signal is usually distorted by the channel characteristics. To recover the transmitted bits, 

the channel effect must be estimated and compensated in the receiver [4]. In fact, in a real environment, 

several multi-path phenomena degrade system performances. Hence, these phenomena include both 

small-scale fading and large-scale fading [1], [3], [5] and [6]. Channel estimation is a technique referred 

to in order to know channel properties. It is a very important technique in multi-cell multi-user Ma-

MIMO systems. A better improvement of spectral and energy efficiency is achieved using time division 

duplex with pilot contamination in Rayleigh fading channels [7], while the LSCE technique is widely 

used for channel estimation. In addition to that, precoding at the transmitter side has a greater effect to 

facilitate the use of the linear detector and can help decrease complexity at the receiver [8]. 

On the other hand, the analytical BER performance for BPSK has been discussed for the Zero-Forcing 

(ZF) detector. It’s associated with the Successive Interference Cancellation (SIC) for an arbitrary 

                                                 
1 This paper is an extended version of a conference paper [27] "ZF/MMSE and OSIC Detectors for Uplink OFDM Massive MIMO Systems," 

Proc. of IEEE Jordan International Joint Conference on Electrical Engineering and Information Technology (JEEIT), 2019. 
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number of transmitting and receiving antennas [9]. Similarly, the high-order M-QAM mode with ZF-

OSIC receiver is discussed in [10]. Reduced complexity for MIMO Receiver and combined with the 

ZF-OSIC is discussed in [11], as well as in the literature, before applying the matrix inversion. The 

residual interference cancellation error covariance matrix of the off-diagonal elements is ignored first 

and the reduced-complexity approximations of soft-output MMSE-OSIC MIMO detector are studied in 

[12]. In addition to that, a novel soft-output MIMO MMSE OSIC detector under channel estimation is 

proposed in [13]. Further, a low-complexity MMSE-OSIC detector called MMSE-OBEP (Ordering 

Based on Error Probability) to decrease the BER of MMSE-OSIC detectors is evaluated in [14].  

The performance of wireless communication systems is mainly governed by the wireless channel 

environment. Due to the constructive and destructive interference of multiple signal paths (multi-paths), 

the wireless channel is rather unpredictable. In Ma-MIMO system, the channel can be estimated by using 

a preamble or pilot symbol known at the receiver. Then, various interpolation techniques are employed 

to estimate the channel response of the subcarriers between pilot tones.  

In this work, our contributions are summarized as follows:   

 We propose a channel estimation approach by forming a matrix equation with all the unknown 

channel parameters in one vector. 

 This vector is estimated in UL transmission using least-square (LS) method. 

  Training symbols can be used for channel estimation. 

 Constraints on pilot sequences for various scenarios are derived with respect to MSE. 

This paper is organized as follows. In Section 2, a system model in the UL transmission is illustrated, in 

which a single cell with a BS of several antennas is considered. Section 3 is devoted to the LSCE for a 

Ma-MIMO system, while in Section 4, the MSE of the LSCE is described. In the same way, flat fading 

and frequency-selective fading according to pilot sequence requirements are investigated. Section 5 

presents linear detectors. In Section 6, to improve linear detector performance, OSIC detectors are 

applied. Section 7 presents the simulation and results. Finally, we conclude this paper in Section 8. 

2. COMMUNICATION SCHEME 

Ma-MIMO system is considered in UL transmission from 𝑁𝑡 users with a single antenna to a single BS 

with 𝑁𝑟 antennas. The system is presented in Figure 1, for a Ma-MIMO OFDM with K sub-carriers. A 

cyclic prefix (CP) with length 𝜈 is inserted to form a complete OFDM symbol. The CP is considered to 

be larger than the largest multi-path delay [18]-[19], [27]-[30] and [33].   

Figure 1. System model of Ma-MIMO combined with OFDM technique. 

From Figure 1, the frequency response at the 𝑘𝑡ℎ subcarrier corresponding to the channel from the 𝑚𝑡ℎ 

transmit antenna to the 𝑞𝑡ℎ receive antenna at the 𝑛𝑡ℎ time frame (i.e., OFDM symbol) is given by [33]: 

                                               𝐻𝑛
(𝑞,𝑚)

(𝑘) = ∑ ℎ𝑛
(𝑞,𝑚)

(𝑙)𝑒−j
2𝜋𝑘𝑙

𝐾𝐿−1
𝑙=0  

                                                                = ∑ ℎ𝑛
(𝑞,𝑚)

(𝑙)𝐿−1
𝑙=0  

         

𝑊𝐾
(𝑘)(𝑙)                                                         (1) 
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where ℎ𝑛
(𝑞,𝑚)

(𝑙) is the 𝑙𝑡ℎ channel impulse of ℎ𝑛
(𝑞,𝑚)

= [ℎn
(𝑞,𝑚)(0),⋯ , ℎ𝑛

(𝑞,𝑚)
(𝐿 − 1) ]

𝑇
𝑤𝑖𝑡ℎ dimension 

(𝐿 × 1) [35], which is the channel impulse response from the 𝑚𝑡ℎ transmit antenna to the 𝑞𝑡ℎ receive 

antenna, when the 𝑛𝑡ℎ OFDM symbol is transmitted. Under the assumption that ℎ𝑛
(𝑞,𝑚)

(𝑙)  follows the 

𝒞𝒩(0, 𝜎2) [30], it can be represented by Rayleigh or Rician distribution depending on the topography 

of the environment. 

2.1 Rayleigh and Rician Channel Fading 

Rayleigh and Rician models are two channel models widely used in wireless communications. The 

Rician channel assumes that the transmission paths from the transmitter to the receiver are comprised 

of the dominant line of sight (LoS) path and other scattering paths. However, the Rayleigh channel 

consists of scattering channels from the transmitter to the receiver [17]. 

From Equation (1), the fading process ℎ𝑛
(𝑞,𝑚)

(𝑙) = |ℎ𝑛
(𝑞,𝑚)

(𝑙)|𝑒−𝑗𝜙𝑛(𝑙)  is assumed to be a zero-mean 

complex Gaussian process [36], with uniformly distributed phase 𝜙𝑛(𝑙) on [0,2𝜋] and with Rayleigh 

distributed envelope |ℎ𝑛
(𝑞,𝑚)

(𝑙)|; whereas the magnitude |ℎ𝑛
(𝑞,𝑚)

(𝑙)| of the 𝑙𝑡ℎ tap is a Rayleigh random 

variable with the probability density function (pdf) [17] and [34]: 

                                                  𝑝𝑑𝑓(𝑥) =  
𝑥

𝜎2 𝑒
− 

𝑥2

2𝜎2,       𝑥 ≥ 0                                                   (2) 

and the squared magnitude |ℎ𝑛
(𝑞,𝑚)

(𝑙)|
2
is exponentially distributed with density: 

                                                     
𝑥

𝜎2 𝑒
−

x

𝜎2 ,         𝑥 ≥ 0                                                             (3) 

This model, which is called Rayleigh fading, is quite reasonable for scattering mechanisms, where there 

are many small reflectors, but it is adopted primarily for its simplicity in typical cellular situations with 

a relatively small number of reflectors. The word Rayleigh is almost universally used for this model, 

but the assumption is that the tap gains are circularly symmetric complex Gaussian random variables 

[17]. 

There is a frequently used alternative model, in which the LoS path (often called a specular path) is large 

and has a known magnitude and there are also a large number of independent paths. In this case, 

ℎ𝑛
(𝑞,𝑚)

(𝑙), at least for one value of 𝑙, can be modeled as [17]: 

                                      ℎ𝑛
(𝑞,𝑚)

(𝑙) = √
𝐾

𝐾+1
𝜎𝑒𝑗𝜃  + √

1

𝐾+1
𝒞𝒩(0, 𝜎2)                                              (4)  

with the first term corresponding to the specular path arriving with uniform phase 𝜃 and the second term 

corresponding to the aggregation of the large number of reflected and scattered paths, independent of 𝜃. 

The parameter 𝐾 (so-called K-factor) is the ratio of the energy in the specular path to the energy in the 

scattered paths; the larger 𝐾 is, the more deterministic is the channel. The magnitude of such a random 

variable is said to have a Rician distribution. Its pdf is defined by [17]: 

                                                   𝑝𝑑𝑓(𝑥) =
𝑥

𝜎2 𝑒
− 

𝑥2+𝑐2

2𝜎2 𝐼0(
𝑥𝑐

𝜎2)                                                        (5) 

where c represents the LoS component and  𝐼0(. ) is the modified zero-order Bessel function of the first 

kind. From Equation (5), the Rician factor is defined as =
𝑐2

2𝜎2 . Moreover, where K = 0, that is to say no 

line of sight (NLoS) environment, Equation (5) reduces to Equation (2) of Rayleigh pdf [17]; whereas, 

in the next, the 𝑞𝑡ℎ receive antenna is considered at 𝑛𝑡ℎ time frame.  

Based on Figure (1) and Equation (1), Ma-MIMO model is defined in the second subsection. 

2.2 Massive MIMO Model 

After removing the CP at the 𝑞𝑡ℎ receive antenna (Figure 1) and using Equation (1), the received signal 

𝑦n
(𝑞)

(𝑘) can be written as [19], [27]-[30]: 

                                        𝑦n
(𝑞)

(𝑘) = ∑𝑁𝑡
𝑚=1 𝐻𝑛

(𝑞,𝑚)
(k)𝑥𝑛

(𝑚)
(𝑘) + 𝑧n

(𝑞)
(𝑘)                                       (6) 
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where q = {1,⋯ , Nr}, k = {0,⋯ , K − 1} and 𝑛 ∈ {0, ⋯ , g − 1}. As is clear from Equation (6) and a 

K-subcarrier OFDM, the received signal can be rewritten as: 

Y𝑛
(q)

= ∑

𝑁𝑡

𝑚=1

𝑋𝑛
(𝑚)

Gn
(m)

+ Z𝑛
(q)

                                                                (7) 

where  Y𝑛
(q)

= [ 𝑦n
(𝑞)

(0), 𝑦n
(𝑞)

(1),⋯ , 𝑦n
(𝑞)

(𝐾 − 1)]
𝑇

, Z𝑛
(q)

= [𝑧n
(𝑞)

(0), 𝑧n
(𝑞)

(1),⋯ , 𝑧n
(𝑞)

(𝐾 − 1)]
𝑇
.  

Furthermore, The OFDM symbol that is transmitted from the 𝑚𝑡ℎ antenna at 𝑛𝑡ℎ time frame is defined 

by: 

𝑋n
(𝑚)

= [
𝑥n

(𝑚)(0) 0 0
0 ⋱ 0

0 0 𝑥𝑛
(𝑚)

(𝐾 − 1)

]

𝐾×𝐾

 

where the 𝑘𝑡ℎ diagonal element of 𝑋𝑛
(𝑚)

 is 𝑥𝑛
(𝑚)

(𝑘). In addition to that, Gn
(m)

 is a vector equal to Fℎ𝑛
(𝑞,𝑚)

 

of dimension (𝐾 × 1) . From Equation (1), we can define: 

𝐺𝑛
(𝑚)

=

[
 
 
 
 
1 1 …       1                

1 𝑊𝐾
1 … 𝑊𝐾

(𝐿−1)
           

⋮
1

⋮

𝑊𝐾
(𝐾−1)

⋱
⋯

⋮         

𝑊𝐾
(𝐾−1)(𝐿−1)

]
 
 
 
 

𝐾×𝐿

ℎn
(𝑞,𝑚)

 

= F [
ℎn

(𝑞,𝑚)
(0)

⋮

ℎ𝑛
(𝑞,𝑚)

(𝐿 − 1)

]

𝐿×1

                 (8) 

Inserting Equation (8) into Equation (7), the following expression of the received signal is obtained: 

Yn
(q)

= ∑

𝑁𝑡

𝑚=1

𝑋𝑛
(𝑚)

Fℎn
(𝑞,𝑚)

+ Zn
(𝑞)

                                                         (9) 

where 𝑍𝑛
(𝑞)

 is an AWGN with zero mean and variance of 𝜎𝑛
2. Based on Equation (9), the LSCE will be 

derived in the next section. 

3. LEAST SQUARE CHANNEL ESTIMATION 

In this section, given is a K-subcarrier OFDM with a superimposed pilot sequence B𝑛
(m)

 and data 

sequence  D𝑛
(m)

. Let us denote  𝑋𝑛
(𝑚)

= Dn
(m)

+ B𝑛
(m)

. Thus, Equation (9) can be obtained such as [27]-

[30]: 

 𝑌𝑛
(𝑞)

= ∑𝑁𝑡
𝑚=1 𝑋n

(𝑚)
𝐹ℎ𝑛

(𝑞,𝑚)
+ Zn

(𝑞)
     

                     = ∑𝑁𝑡
𝑚=1 (𝐵n

(𝑚)
+ 𝐷n

(𝑚)
)𝐹ℎ𝑛

(𝑞,𝑚)
+ Zn

(𝑞)
 

                       = 𝒜𝑛𝔥𝑛
(𝑞)

+ 𝒯𝑛𝔥n
(𝑞)

+ Z(𝑞)(𝑛)                                                                   (10) 

where 𝒜𝑛 = [𝐵n
(1)

F,⋯ , 𝐵𝑛
(𝑁𝑡)F] of dimension (𝐾 × 𝐿𝑁𝑡), 𝒯n = [𝐷𝑛

(1)
F,⋯ ,𝐷n

(𝑁𝑡)F] of dimension (𝐾 ×

𝐿𝑁𝑡). Similarly, 𝐵𝑛
(m)

 and 𝐷𝑛
(m)

 are a (𝐾 × 𝐾) diagonal matrix defined as:  

𝐵n
(𝑚)

= [
𝑏n

(𝑚)(0) 0 0
0 ⋱ 0

0 0 𝑏𝑛
(𝑚)(𝐾 − 1)

]

𝐾×𝐾

and     𝐷n
(𝑚)

= [
𝑑n

(𝑚)(0) 0 0
0 ⋱ 0

0 0 𝑑𝑛
(𝑚)(𝐾 − 1)

]

𝐾×𝐾

      (11) 

where 𝑏𝑛
(𝑚)(𝑘) and 𝑑𝑛

(𝑚)(𝑘) are the 𝑘𝑡ℎ diagonal element of 𝐵𝑛
(𝑚)

 and  𝐷n
(𝑚)

, respectively. Furthermore, 

the channel vector from all 𝑁𝑡 users to 𝑞𝑡ℎ receive antenna can be noted as: 

                                            𝒽n
(𝑞)

= [ℎ𝑛
(𝑞,1)𝐻

,⋯ , ℎ𝑛
(𝑞,𝑁𝑡)

𝐻

]𝐻                                                   (12) 

where Equation (12) is unknown channel of dimension (LNt × 1). After forming a matrix equation with 

all the UCPs in one vector, the LSCE technique is applied to estimate this vector [1], [8] and [27]-[30]. 

Hence, the multiple channels can be estimated by: 
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 �̂�n
(q)

= 𝒜𝑛
+𝑌𝑛

(𝑞)
                                                         (13) 

where  𝒜n
+ = (𝒜n

𝐻𝒜n)
−1𝒜𝑛

𝐻 is the pseudo-inverse with a full column rank of 𝐿𝑁𝑡 (i.e., 𝑟𝑎𝑛𝑘(𝒜n) =
𝑚𝑖𝑛(𝑔𝐾, 𝐿𝑁𝑡)). Otherwise, the LS method is widely used. Low-complexity and no priori statistical 

knowledge about the channel and the noise are required [1], [8], [17]-[19] and [30]. Hence, using 

Equation (10), the estimated channels can be written as:  

                                    �̂�n
(q)

= 𝒽𝑛
(𝑞)

+ 𝒜𝑛
+𝒯𝑛𝒽𝑛

(𝑞)
+ 𝒜𝑛

+Z𝑛
(𝑞)

                                      (14) 

 Further, to suppress the interference due to the data, the following condition is imposed [30]:  

 𝒜𝑛
+𝒯𝑛 = 0𝐿𝑁𝑡×𝐿𝑁𝑡

                                                            (15) 

This condition is valid when B𝑛
(m)H

𝐷𝑛
(𝑠)

= 0𝑘×𝐾 , ∀ 𝑚, 𝑠 ∈ {1,⋯ ,𝑁𝑡} and ∀ 𝑛 ∈ {0,⋯ , g − 1}. 
Furthermore, to satisfy this condition, disjoint sets of pilot tones are chosen for training and data in each 

OFDM symbol, (i.e., zeros in 𝐵𝑛
(𝑚)

, where 𝐷n
(𝑚)

 contains non-zeros and inversely) [30]. In addition to 

that, let us assume P/g pilot per OFDM symbol. Thus, the dimension of 𝒜𝑛
+ becomes (P × LNt ) and 

the diagonal matrix B𝑛
(𝑚)

 of dimension (P/g × P/g ) is at the nth time frame. Consequently, we can 

write Equation (14) as:                      

                                                   �̂�n
(q)

= 𝒽𝑛
(𝑞)

+ 𝒜𝑛
+Z𝑛

(𝑞)
                                                (16) 

Equation (16) indicates that �̂�𝑛
(q)

 is a combination of the true channel vector 𝒽𝑛
(𝑞)

 plus a term 

affected only by the noise in the system. For zero-mean noise, 𝐸{�̂�n
(q)

} = 𝒽n
(𝑞)

+ 𝒜𝑛
+𝐸{Zn

(𝑞)
} =

𝒽𝑛
(𝑞)

; i.e., �̂�𝑛
(q)

 forms an unbiased estimate of  𝒽𝑛
(𝑞)

. Furthermore, the estimated channel matrix ℍ̂𝑛 ∈
ℂ𝑁𝑟×𝑁𝑡, including all users antennas 𝑁𝑡 and all BS antennas 𝑁𝑟, is given by [30]: 

                               ℍ̂n =

[
 
 
 
 
 
 ℎ̂𝑛

(1,1)
⋯ ℎ̂𝑛

(1,𝑁𝑡) 

⋮ ⋮

ℎ̂𝑛
(𝑞,1)

⋯ ℎ̂𝑛
(𝑞,𝑁𝑡)

⋮ ⋮

ℎ̂𝑛
(𝑁𝑟,1)

 ⋯ ℎ̂𝑛
(𝑁𝑟,𝑁𝑡)

]
 
 
 
 
 
 

= [
�̂�n

(1)𝑇

⋮

�̂�n
(𝑁𝑟)

𝑇
] =[ℋ̂𝑛

(1)
, ⋯ , ℋ̂𝑛

(𝑁𝑡)]                 (17) 

where the estimated channel vector at the nth time frame and user position 𝑖 is given by ℋ̂𝑛
i =

[ℎ̂𝑛
(1,i)𝑇

, ⋯ , ĥ𝑛
(𝑁𝑟,𝑖)

𝑇

]𝑇; whereas training OFDM symbols are used over the time indices  n∈{0,⋯,g-1} 

[1], [8] and [27]-[30]. Thus, Equation (10) can be written as: 𝑌(𝑞) = 𝒜 𝒽
(𝑞) + 𝒯 𝒽

(𝑞) + Z(𝑞), where 

the received signal at the 𝑞𝑡ℎ receive antenna can be noted by: 𝑌(𝑞) = [𝑌0
(𝑞)𝑇

, ⋯ , 𝑌g−1
(𝑞)𝑇

]𝑇 and the noise 

vector becomes Z(𝑞) = [Z0
(𝑞)𝑇

,⋯ , Zg−1
(𝑞)𝑇

]𝑇. The channel vector is 𝒽(𝑞) = [𝒽0
(𝑞)

,⋯ ,𝒽g−1
(𝑞)

]. Similarly, 𝒜 

and 𝒯 are noted as: 

        𝒜 = [

𝒜0

⋮
𝒜g−1

] =

[
 
 
 
 𝐵0

(1)
𝐹 ⋯ 𝐵0

(𝑁𝑡)𝐹

⋮ ⋮

𝐵g−1
(1)

𝐹 ⋯ 𝐵g−1
(𝑁𝑡)𝐹

]
 
 
 
 

 and  𝒯 = [

𝒯0

⋮
𝒯g−1

] =

[
 
 
 
 𝐷0

(1)
𝐹 ⋯ 𝐷0

(𝑁𝑡)𝐹

⋮ ⋮

𝐷g−1
(1)

𝐹 ⋯ 𝐷g−1
(𝑁𝑡)𝐹

]
 
 
 
 

 

respectively. The same process of channel estimation has been carried out for all n as the nth time frame. 

Moreover, after channel estimation at the 𝑞𝑡ℎreceive antenna and 𝑛𝑡ℎ time frame (i.e., Equation 13), the 

MSE is derived in the next section. 

4. MEAN SQUARE ERROR OF LS ESTIMATOR 

In this section, the MSE of LSCE is computed. Hence, the MSE of LSCE is given as [18], [21]: 
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𝑀𝑆𝐸𝑛 =
1

𝐿𝑁𝑡
𝐸 {||�̂�𝑛

(q)
− 𝒽𝑛

(𝑞)
||

2

} 

      =
1

𝐿𝑁𝑡
𝐸 {||𝒜𝑛

+Z𝑛
(𝑞)

||
2

} 

                                                                    =
1

𝐿𝑁𝑡
𝑡𝑟{𝒜𝑛

+𝐸 (Z𝑛
(𝑞)Z𝑛

(𝑞)𝐻
)𝒜𝑛

+𝐻
}                                      (18)  

For zero-mean white noise, we have: 𝐸 (Z𝑛
(𝑞)Z𝑛

(𝑞)𝐻
) = 𝜎𝑛

2. Then, the MSE can be written as: 

                                                                   𝑀𝑆𝐸𝑛 =
𝜎𝑛

2

𝐿𝑁𝑡
𝑡𝑟{(𝒜n

𝐻𝒜n)
−1}                                            (19) 

Using a similar argument as in [18], [21] and [27]-[29], we can show that in order to obtain the 

minimum MSE of the LSCE subject to a fixed power 𝒫 dedicated for training, we require 𝒜n
𝐻𝒜n =

𝒫𝐼𝐿𝑁𝑡×𝐿𝑁𝑡
. The minimum MSE is given by: 

                                                           𝑀𝑆𝐸𝑛
𝑚𝑖𝑛 =

𝜎𝑛
2

𝒫
                                                           (20) 

In the next part of this paper, flat fading and frequency-selective fading are investigated with respect 

to this MSE. 

4.1 Flat Fading and Frequency-selective Fading 

In this subsection, flat fading and frequency-selective fading are presented, with regard to MSE of the 

LSCE. At first, g = 1 (i.e., one OFDM symbol) is considered and then, the study is extended to multiple 

OFDM symbols (i.e., g > 1). When g = 1, training over the time index n = 0 and 𝒜n
𝐻𝒜𝑛 can be rewritten 

as[18], [21]: 

                                             𝒜n
𝐻𝒜n = [

𝐶1,1 … 𝐶1,𝑁𝑡
  

⋮ ⋱ ⋮
𝐶𝑁𝑡,1 … 𝐶𝑁𝑡,𝑁𝑡 

]                                                    (21) 

where 𝐶𝑚,𝑠 is a sub-matrix of 𝒜n
𝐻𝒜n, with dimension (L×L), that is given by: 

                                          𝐶𝑚,𝑠 = 𝐹𝐻𝐵(𝑚)
0
𝐻
𝐵0

(𝑠)
𝐹                                                      (22) 

As previously mentioned, in order to obtain the minimum MSE of the LSCE, it is necessary to fix the 

power 𝒫 for training. Hence, 𝒜n
𝐻𝒜n = 𝒫𝐼𝐿𝑁𝑡×𝐿𝑁𝑡

; that is to say [18], [21]: 

                                               𝒜n
𝐻𝒜n = {

𝒫𝐼𝐿×𝐿 , 𝑖𝑓 𝑚 = 𝑠
0𝐿×𝐿 , 𝑖𝑓 𝑚 ≠ 𝑠

                                                 (23) 

The positions of the P pilot tones used for training are defined as {𝑘0, 𝑘1, 𝑘2,⋯ , 𝑘𝑃−1}. In addition to 

that, F can be noted as F = [𝑓0, 𝑓1, 𝑓2,⋯ , 𝑓𝐿−1], where 𝑓𝑙 = [𝑒−
𝑗2𝜋𝑙𝑘0

𝐾 , 𝑒−
𝑗2𝜋𝑙𝑘1

𝐾 , 𝑒−
𝑗2𝜋𝑙𝑘2

𝐾 ,⋯ , 𝑒−
𝑗2𝜋𝑙𝑘𝑃−1

𝐾  ]
𝑇

. 

Thereby, from Equation (23), when m = s, the power on the 𝑖𝑡ℎ pilot tone of the 𝑚𝑡ℎ transmit antenna 

can be noted as 𝑝𝑖
𝑚. Thus, ∑ 𝑝𝑖

𝑚 = 𝒫𝑃−1
𝑖=0  [18], [19] and [21]. Therefore, Equation (22) can be written as 

follows: 

                                         𝐶𝑚,𝑚 = 𝐹𝐻𝑑𝑖𝑎𝑔{[𝑝0
𝑚, 𝑝1

𝑚,⋯ , 𝑝𝑃−1
𝑚 ]𝐻}𝐹                                         (24) 

From Equation (24), the (𝑛, 𝑑)𝑡ℎ entry of the sub-matrix 𝐶𝑚,𝑚 is obtained as: 

                               [𝐶𝑚,𝑚 ]𝑛,𝑑 
= 𝑓𝑛

𝐻𝑑𝑖𝑎𝑔{[𝑝0
𝑚, 𝑝1

𝑚, ⋯ , 𝑝𝑃−1
𝑚 ]𝐻}𝑓𝑑                                    (25) 

which is equivalent to:  

                                     [𝐶𝑚,𝑚]
𝑛,𝑑

= {
𝒫,                                    𝑖𝑓 𝑛 = 𝑑

∑ 𝑝𝑖
𝑚𝑒−

𝑗2𝜋𝑘𝑖(𝑛−𝑑)

𝐾 ,   𝑖𝑓 𝑃−1
𝑖=0 𝑛 ≠ 𝑑

                                     26) 

Thereby, to satisfy the first part of Equation (23), we need: 

                          ∑ 𝑝𝑖
𝑚𝑒−

2𝑗𝜋𝑘𝑖𝜙

𝐾 = 𝒫𝛿(𝜙),   ∀𝜙 ∈ {−𝐿 + 1,⋯ , 𝐿 − 1}   𝑃−1
𝑖=0                            (27) 
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Accordingly, the above condition is satisfied if and only if the following conditions are satisfied [18], 

[19] and [21]: 

 𝑝𝑖
𝑚 =

𝒫

𝑃
, ∀ 𝑖 ∈ {0,1,⋯ , 𝑃 − 1}  𝑎𝑛𝑑 ∀ 𝑚 ∈ {1,⋯ ,𝑁𝑡}  

 𝑘𝑖 = 𝑝0 + 𝑝𝑉, ∀𝜙 ∈ {−𝐿 + 1,⋯ , 𝐿 − 1}\{0}, 𝑤ℎ𝑒𝑟𝑒 𝑉 ∈  ℤ 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 𝑃𝑉𝜙/𝐾 ∈
ℤ 𝑎𝑛𝑑 𝑉𝜙/𝐾 ∉  ℤ, ∀𝜙 ∈ {−𝐿 + 1,⋯ , 𝐿 − 1}, 𝑎𝑛𝑑 𝑝0 ∈ {0,1,⋯ , 𝑉 −
1}  𝑖𝑠 𝑠𝑜𝑚𝑒 𝑜𝑓𝑓𝑠𝑒𝑡.  

Table 1. Pilot sequence for various scenarios. 

Configurations Pilot sequence requirement 

Flat Fading: L=1 Equipowered+ Equispaced+ Orthogonal 

Frequency-selective Fading: L>1 Equipowered+ Equispaced+ Phase Shift 

Orthogonal ∀𝜙 ∈ {−𝐿 + 1,⋯ , 𝐿 − 1} 

Hence, the first condition means that the pilot tone must be equipowered. Moreover, the second 

condition means that the pilot tones must be equispaced. For a minimum number of pilot tones or a 

maximum spacing, we have PV = K or V = K/P. For a practical system with inexpensive, fast and simple 

implementation of the FFT, the number of subcarriers must be power of 2, on the one hand. On the other 

hand, the P pilot tones should divide K (i.e., P must be power of 2). Hence, 𝑃 ≥ 𝐿𝑁𝑡; that is to say 𝑃 =

2log2 𝐿𝑁𝑡 [19]. In the case where L= 1 (i.e., flat fading) pilot sequences must be equipowered, equispaced  

and orthogonal for various transmit antennas. When L > 1 (i.e., frequency-selective fading), the pilot 

sequences must be equipowered, equispaced and phase shift orthogonal for various transmit antennas 

(Table 1) [18], [21]. 

When, g > 1 (i.e., multiple OFDM symbols) is considered and training over the time indices 𝑛 ∈
{0,⋯ , g − 1}, Equations (22) and (27) become: 

                                           𝐶𝑚,𝑠 = ∑ 𝐹𝑛
𝐻𝐵(𝑚)

𝑛
𝐻
𝐵𝑛

(𝑠)
𝐹𝑛

𝑔−1
𝑛=0                                                      (28) 

             ∑  ∑ 𝑝𝑖,𝑛
𝑚 𝑒−

2𝑗𝜋𝑘𝑖,𝑛𝜙

𝐾 = 𝒫𝛿(𝜙),   ∀𝜙 ∈ {−𝐿 + 1,⋯ , 𝐿 − 1}   𝑃−1
𝑖=0

𝑔−1
𝑛=0                           (29) 

where the positions of the P pilot tones used for training become {𝑘0,𝑛, 𝑘1,𝑛, 𝑘2,𝑛,⋯ , 𝑘𝑃−1,𝑛} 

and 𝐹𝑛 = [𝑓0,𝑛, 𝑓1,𝑛, 𝑓2,𝑛,⋯ , 𝑓𝐿−1,𝑛], where 𝑓𝑙,𝑛 = [𝑒−
𝑗2𝜋𝑙𝑘0,𝑛

𝐾 , 𝑒−
𝑗2𝜋𝑙𝑘1,𝑛

𝐾 ,  𝑒−
𝑗2𝜋𝑙𝑘2,𝑛

𝐾 , ⋯ , 𝑒−
𝑗2𝜋𝑙𝑘𝑃−1,𝑛

𝐾  ]
𝑇

. 

The power on the 𝑖𝑡ℎ pilot tone of the 𝑚𝑡ℎ transmit antenna can be rewritten as: 𝑝𝑖,𝑛
𝑚 , thus 

∑ ∑ 𝑝𝑖,𝑛
𝑚 = 𝒫𝑃−1

𝑖=0
𝑔−1
𝑛=0   [18], [19] and [21]. Furthermore, after getting the channel estimation at the BS, 

the requirement of the pilot sequence in flat fading and frequency-selective fading id defined. The data 

is detected using linear and nonlinear detectors. The detection method treats all transmitted signals as 

interferences, except for the desired stream from the target transmit antenna. Therefore, interference 

signals from other transmit antennas are minimized or nullified in the course of detecting the desired 

signal from the target transmit antenna, given the knowledge of the received vector and the channel 

matrix (i.e., Equation 17). To facilitate the detection of the desired signal from each antenna, the effect 

of the channel is inverted by a transformation matrix T. 

5. LINEAR DETECTORS 

In UL transmission, the data sequence is generated by linear detectors after channel estimation is carried 

out at the BS in order to obtain data sequences. Linear methods are used to generate data sequences of 

transmitted symbols through a linear transformation of the received vector y [22], [27]-[30]. These 

methods take the form of d = Ty, where T is a transformation matrix, as shown in Figure 2. 

5.1 Zero Forcing Detector 

The Zero Forcing (ZF) detector is a simple linear detector, in which the linear transformation on the 

received vector is carried out using the pseudo-inverse of the ℍ̂𝑛 matrix (i.e., Equation 17). The ZF 

detector completely cancels the interference from other signals (hence the name zero-forcing or 

interference-nulling detector) [2], [22]-[23] and [27]-[29]. Then, the linear transformation matrix is 
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given by: 

                                                       𝑇𝑍𝐹 = ℍ̂𝑛
+

                                                                  (30) 

where ℍ̂𝑛
+

= (ℍ̂𝑛
𝐻ℍ̂𝑛)

−1
ℍ̂𝑛

𝐻 is the pseudo-inverse of dimenion (𝑁𝑡 × 𝑁𝑟). 

 

 

 

 

Figure 2. Conceptual illustration of linear MIMO detectors [22]. 

5.2 Minimum Mean Square Error Detector 

The Minimum Mean Square Error (MMSE) detector is a linear detector, the transformation matrix of 

which minimizes the mean square error between the transmit vector X and the received vector Y. The 

transformation matrix 𝑇𝑀𝑀𝑆𝐸 is given by the solution to the following minimization problem [2], [22]- 

[23] and [27]-[29]: 

                            𝑇𝑀𝑀𝑆𝐸 = arg𝑇𝑀𝑀𝑆𝐸
min𝐸(||𝑋 − 𝑇𝑀𝑀𝑆𝐸𝑌||

2

2
)                                      (31) 

where 𝑌 = [𝑌𝑛
(1)

,⋯ , 𝑌𝑛
(𝑁𝑡)]

𝑇
 and 𝑋 = [𝑋𝑛

(1)
,⋯ , 𝑋𝑛

(𝑁𝑡)]
𝑇

. Finally, the transformation 𝑇𝑀𝑀𝑆𝐸 can be 

defined as: 

                           𝑇𝑀𝑀𝑆𝐸 = (ℍ̂𝑛
𝐻ℍ̂𝑛 + 2𝜎𝑛

2𝐼)
−1

ℍ̂𝑛
𝐻                                                (32) 

where 𝜎𝑛
2 is the noise power. 

6. OSIC SIGNAL DETECTION 

Detectors based on interference cancelation belong to the class of non-linear detectors, where  

interference due to detected stream is removed in multiple stages [22], [27] and [30]. Popular 

interference cancelation techniques include Ordered Successive Interference Cancelation (OSIC), which 

is used to improve linear detector performance without increasing the complexity significantly. OSIC is 

known for its simplicity. Figure 3 gives an example of three spatial streams [27], [30]. Hence, based on 

Equation (30), The steps involved in OSIC based detection can be summarized as follows: 

1. Initially, the first stream is detected using the first row vector of Equation (30), 

2. After detection and slicing to produce 𝑋1, the remaining signal in the first stage is formed by 

subtracting it from the received signal as 𝑦1 = 𝑦 − ℋ̂n
1𝑋1. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Illustration of OSIC signal detection example of three spatial streams (i.e., 𝑁𝑡=3) [30]. 
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3. The interference due to the detected stream in the first stage is canceled. 
4. Another steam is detected and sliced in the second stage to produce 𝑋2. 
5. Similarly,  the remaining signal and the interference in the second stage are formed by 

subtracting it from the received signal as 𝑦2 = 𝑦1 − ℋ̂n
2𝑋2. 

Hence, the same processes of detection and slicing as well as interference cancelation are reproduced in 

the next stages [2], [24]-[27] and [30] due to the error propagation caused by erroneous decisions in the 

previous stages. The order of detection has significant influence on the overall performance of OSIC 

detection. In the next part of this section, two methods to reduce error propagation are described: 

Firstly: SINR-based Ordering (SINR-BO). In this case, streams with a high post detection Signal-to-

Interference-plus-Noise Ratio (SINR) are detected first [1], [27] and [30]. Based on the transformation 

matrix 𝑇𝑀𝑀𝑆𝐸 , the post-detector with SINR is defined as:  

 𝑆𝐼𝑁𝑅𝑖 =
𝐸𝑥|𝑇𝑖,𝑀𝑀𝑆𝐸ℋ̂n

𝑖
|2

𝐸𝑥 ∑𝑙≠𝑖 |𝑇𝑖,𝑀𝑀𝑆𝐸ℋ̂n
𝑙
|2+𝜎𝑛

2||𝑇𝑖,𝑀𝑀𝑆𝐸||2
                                        (33)  

 where 𝑇𝑖,𝑀𝑀𝑆𝐸  is the 𝑖𝑡ℎ row of matrix (Equation 32), ℋ̂n
𝑖  is the 𝑖𝑡ℎ column vector of the estimated 

channel matrix ℍ̂𝑛 at 𝑛𝑡ℎ time OFDM sysmbol with 𝑖 = 1 , 2,⋯ ,𝑁𝑡. Also, 𝐸𝑥 is the transmitted signal 

energy. Furthermore, once the 𝑁𝑡 of SINR are calculated based on Equation (32), we choose the 

corresponding layer with the highest SINR. In addition to that, the procedure discussed above is applied 

for symbol detection. Furthermore, Equation (32) is modified by the suppression of the channel gain 

vector equivalent to the data detected. Otherwise, the total number of SINR values to be calculated is 

∑𝑁𝑡
𝑖=1 𝑖 =

𝑁𝑡(𝑁𝑡+1)

2
 [27], [30].  

Secondly: SNR-based Ordering (SNR-BO). In this method, streams with a higher Signal-to-Noise Ratio 

(SNR) are detected first [1], [27] and [30]. Similarly based on the transformation matrix 𝑇𝑍𝐹, the SNR 

is defined as:  

 𝑆𝑁𝑅𝑖 =
𝐸𝑥

𝜎𝑛
2||𝑇𝑖,𝑍𝐹||2

                                                              (34) 

 where 𝑖 = 1, 2,⋯ ,𝑁𝑡. Similarly, the procedure discussed in the first method can be used. In this 

method, the number of SNR values to be calculated is also given by ∑
𝑁𝑡
𝑖=1 𝑖 =

𝑁𝑡(𝑁𝑡+1)

2
 [1], [27] and 

[30]. 

7.  SIMULATION RESULTS 

In this section, a collection of performance results concerning two linear detectors (MMSE and ZF) as 

well as the nonlinear OSIC detectors is presented, in which their performances are evaluated in terms of 

BER. Hence, the computer simulation parameters are given, as shown in Table 2. 

Table 2. Computer simulation parameters. 

Parameters Values 

OFDM-Subcarriers 1024 

OFDM symbol number (g) 10 

M-QAM Modulation 64-QAM 

Channel model  Rayleigh and Rician  

L-taps 1, 6 and 10 

𝑁𝑡 × 𝑁𝑟 50 × 100, 50 × 200  and 50 × 300 

In this part, various channel taps (i.e., 1, 6 and 10) are simulated as i.i.d. Firstly, one OFDM subcarrier 

(i.e., OFDM symbol) with K = 1024 (Figure 4) and a CP of ν = 256 is considered. The number of pilot 

tones dedicated for training is P=K/2, which are equipowered and equispaced or equipowered, 

equispaced and  phase shift orthogonal. The length of data sequences is equal to K/2 (Figure 4). Hence, 
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training is performed over g  consecutive OFDM symbols using Monte Carlo simulation. Throughout 

this simulation, the number of terminals (𝑁𝑡)  is set to be 50 (i.e., respecting the condition treated in 

subsection 4.1; that is P≥L𝑁𝑡). 

 

Figure 4. OFDM subcarrier for a Ma-MIMO system with 𝑁𝑡 = 50 and 𝑁𝑟 = 100 transmit and receive 

antennas, respectively. 

In other words, Figure 5 shows the distributions for Rayleigh and Rician fading channels. It also 

demonstrates an example for K = -40 dB. The Rician distribution approaches the Rayleigh distribution 

and for K =15 dB, the Rician distribution approaches the Gaussian distribution. In the remainder of this 

paper, we assume K= -40 dB for the Rayleigh fading channel and K ≥ 15dB for the Gaussian channel. 

      Figure 5. Distributions for Rayleigh and                               Figure 6. Channel estimation error vs.  

                  Rician fading channels.                                                        SNR for Rayleigh channel. 

Figure 6 shows the channel estimation error for 𝑁𝑟 = 100, 200 and 300 when Rayleigh channel is applied. 

The channel estimation performance improves when 𝑁𝑟 increases and SNR increases. In related work 

[32], for 𝑁𝑟 × 𝑁𝑡= 128 × 64 Ma-MIMO system, Generalized Approximate Message Passing Detector 

(GAMPD) achieves an MSE of around 0.3 at SNR = 0 dB, while at SNR=2 dB, its MSE is around  0.1 

for 𝑁𝑟 × 𝑁𝑡= 128 × 128. Moreover, for 𝑁𝑟 × 𝑁𝑡= 100 × 50 (Figure 6), our proposed method achieves 

an MSE of around 0.00705 at SNR =0 dB and 0.00424 at SNR= 2 dB. In addition, when more receive 

antennas are used, more spatial diversity can result in a better chance to successfully detect the data. 

In the simulations, Ma-MIMO with multiple receiver antennas (𝑁𝑟=100, 200 and 300) and 64-QAM 

modulation is used. Figure 7 shows a plot of BER versus SNR for L = 1 (i.e., flat fading), when a 

Rayleigh fading channel is employed. It is clear that the BER performance of all detectors decreases 
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with a higher SNR. However, the MMSE performance is very close to the ZF performance. In this way, 

at high SNRs (i.e., small σ), MMSE behaves like ZF, since the second term inside the inverse operation  

 
Figure 7. BER vs. SNR for L=1 using ZF, MMSE and various OSIC detectors for Rayleigh channel. 

 
Figure 8. BER vs SNR for L=6 using ZF, MMSE and various OSIC detectors for Rayleigh channel. 

 
Figure 9. BER vs. SNR for L=10 using ZF, MMSE and various OSIC detectors for Rayleigh channel. 
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in Equation (32) becomes negligible. On the other hand, the performance of the OSIC detection method 

with SNR-BO outperforms all other detectors and is close to true channel performance.  In related work 

[31], for   𝑁𝑟 × 𝑁𝑡= 128 × 16 Ma-MIMO system, refinement Jacobi (RJ)-based detector achieves a BER 

of around 3.2 × 10−3 at SNR = 13 dB, while for the 𝑁𝑟 × 𝑁𝑡 = 256 × 16 Ma-MIMO system, it achieves 

a BER of around 5 × 10−5 at the same SNR. For 𝑁𝑟 × 𝑁𝑡 = 100 × 50 Ma-MIMO, for example, ZF 

detector achieves a BER of around 319 × 10−6 (i.e., 0.319 × 10−3) at SNR=7 dB. In this work and in 

[31], the SNR gap between the ZF and RJ-based detector at 10−3 BER is just about 6 dB. 

Otherwise, Figures 8 and 9 show the BER performance comparison between linear and nonlinear 

detectors when the number of channel taps is L= 6 and 10, respectively. With an increase of channel tap 

number the performance of all detectors is degraded. Hence, system performance is sensitive to a higher 

channel taps (i.e., high frequency-selective fading). In addition to that, the gap between the OSIC-SNR-

BO detector and true channel performance becomes small as the number of BS antennas increases. In 

related work [32], for 𝑁𝑟 × 𝑁𝑡= 128 × 80 Ma-MIMO system, Generalized Approximate Message 

Passing Detector (GAMPD) achieves a BER of around 10−2 at SNR = 4.3 dB. For 𝑁𝑟 × 𝑁𝑡 = 100 ×
50 Ma-MIMO, for example, ZF detector achieves an SNR=5.74 dB at the same BER. Thus, the SNR 

gap between the ZF detector and GAMPD detector is just about 1.44 dB. In addition, ZF detector 

achieves a better performance and surpasses the GAMPD detector with a gap of 3.315 dB at BER of 

10−2 for a Ma-MIMO of 𝑁𝑟 × 𝑁𝑡 = 200 × 50. Moreover, at 𝑁𝑟 = 300, ZF detector is close to 

approximate message passing (AMP) algorithms [33], with a gap of 0.06 dB, despite a high system 

sensitivity to noise (i.e., 64-QAM) and high frequency-selective fading channel. The OSIC-SNR-BO 

detector is useful for a high multi-path fading channel or equivalently, a frequency-selective fading 

channel.  

In addition to that, Figure 10 presents the BER in a flat Rician channel fading in the case of K = 15 (i.e., 

LoS) and the number of antennas at the BS equal to 100. The simulation result illustrates the 

convergence of all detectors over a high range of SNR and provides a bad performance. Despite the 

presence of multi-path effects, the system took the thermal noise from the receiver as a single source of 

noise (i.e., Gaussian channel). In addition, the channel behaves as the simplest statistical channel from 

an implementation, but not necessarily the most realistic one. However, when the BS antennas increase 

to 300, the system performance for the same range of SNR is improved. This improvement is likely due 

to the potential diversity at the BS and at the ordering (selection) in OSIC. In the case of K = -40 (NLoS), 

the BER decreases more and is close to Rayleigh performance. When the BS antennas increase to 300, 

the simulation result shows the best performance at a smaller range of SNR. Thereby, the OSIC-SNR-

BO usually provides the best performance and is close to the true channel. In the same way, we consider 

the case of frequency-selective fading (i.e., L = 6 and 10, Figures 11 and 12, respectively). From these 

figures, we can see that the BER is also sensitive to the channel taps and the Rician factor. A higher 

number of channel taps provides a higher BER at both K= 15 and -40. Similarly, when the BS antennas 

 
Figure 10. BER vs. SNR for L=1 using ZF, MMSE and various OSIC detectors for Rician channel 

with K= -40 and 15. 
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Figure 11. BER vs. SNR for L=6 using ZF, MMSE and various OSIC detectors for Rician channel 

with K= -40 and 15. 

 
Figure 12. BER vs. SNR for L=10 using ZF, MMSE and various OSIC detectors for Rician channel 

with K= -40 and 15. 

 
Figure 13. BER vs. number of antennas at the base station for L=10 using ZF, MMSE and various 

OSIC detectors for Rayleigh channel. 
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are equal to 300, the BER decreases more. Under a lower Rician factor, the system took into account 

the channel fading. In addition, the antenna diversity at the reception favors a constructive signal 

overlay. Thus, the system performance is improved and frequency-selective fading effect is 

compensated. In addition to that, OSIC-SNR-BO provides a better performance which is close to true 

channel performance. 

Furthermore, Figure 13 presents the BER performance of linear detectors and nonlinear detectors with 

the number of antennas at the BS. The number of channel taps is equal to 10 and the SNR is set to be 

with a mean value 8 dB. It is clearly shown that BER decreases over a high number of antennas. In 

addition to that, it is observed that MMSE detector achieves a performance which is close to the 

performance achieved by the ZF detector. For more than 300 antennas, OSIC-SNR-BO performs slightly 

better than OSIC-SINR-BO due to high interference (i.e., 𝑁𝑡 = 50). More interestingly, this improved 

performance of OSIC-SNR-BO compared to that of OSIC-SINR-BO increases remarkably as 𝑁𝑟 

increases. 

8. CONCLUSIONS 

In this paper, we have successively evaluated the LSCE performance in UL transmission. ZF, MMSE 

and OSIC detectors for a Ma-MIMO system are combined with high-order modulation 64-QAM and 

OFDM technique. The performance of a Ma-MIMO system in Rayleigh and Rician channel fading is 

analyzed with channel taps and Rician factor. The presence of many fading phenomena characterized 

by flat fading and frequency-selective fading degrades the system performance. Joining a large number 

of antennas at the BS with equipowered, equispaced and phase shift orthogonal pilot sequences can 

achieve a very low BER. At a higher number of antennas at the BS, the OSIC-SNR-BO provides a better 

performance which is close to true channel performance, while the effect of frequency-selective fading 

is canceled in a lower signal to noise ratio. 
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البحث:ملخص   

(اLSCEفييييي الييييي يام البييييي تاميييييقنام  بييييي افييييي االصييييي  ام   يييييام ا   م ييييي ام ص   ييييي  ام  ييييي   ا 

فيييييييي امضخمصيييييييي ام اييييييييلص امق ييييييييمة ام صييييييييمم  امق ييييييييمة ام صليييييييي ل ام    صيييييييي ا  يييييييي ام   صيييييييي  ا

(ا  يييييي  ام، ق يييييي لتاULملإلشيييييي ةم تا بييييييماايييييينا  يييييي املإلعيييييي  ام ص قصييييييما  يييييي ام يييييي   ام   ييييييا ا 

ا قلصيييييي  ا م   ييييييام ا  يييييي اافييييييام ام  ة يييييي افيييييي ال  يييييي ام يييييي اف ا ب يييييي اتيييييي  امبقيييييي م ا  م يييييي  

ا م يييييما الص  ييييي ا  عيييييقلمم ا اشيييييقص ا  ييييي اتص ييييياامق  ييييي م ام   يييييام اح ييييي ام ص   فييييي افييييي امق  ييييي  

 قلصيييييي  اا(MSE  م يييييي ام ص   يييييي  ام  يييييي   تا بييييييماايييييينا  يييييي  امقاعيييييي ام ل يييييي ام ق    يييييي ا 

ات(LSCE  م   ام ا   م  ام ص     ام     

ا بييييييماتيييييي  اا  يييييي نام ل  ييييييا ام ص ييييييقا ا م  ل  ييييييا ام ص قصييييييما  يييييي املإخق    يييييي ام ق ةةميييييي ا  ميييييي  

 م ييييييما   مييييييارامق ييييييمة اميييييي الميييييياراملإلعيييييي  ام صايييييي   ام صق  مييييييمام  يييييي  نا  يييييي ام ق  يييييي نا

(تاكصيييييي اايييييينامعق  يييييي  اMSE(اف صيييييي امق  ييييييطا صقاعيييييي ام ل يييييي ام ق    يييييي ا OFDMم قيييييي ةة ا 

اميييييي ام ل  ييييييا ام ص ييييييقا ا م  ل  ييييييا ام صق  ييييييصام ليييييي لاا ققيييييي  اام  لميييييي  املإلشيييييي ةم افيييييي اكيييييي   

ا ييييييمةام  لميييييي  املإلشيييييي ةم ا م ص قصييييييما  يييييي املإخق    يييييي ام ق ةةميييييي تام يييييي ات خييييييصا  يييييي تاما ايييييي ا   

ام صب يييييي امضع عيييييي  ا ا    يييييي  ام   ييييييام تا ام حا يييييي ا يييييي  الييييييام    مييييييىة ام يييييي ا رييييييااا ييييييام   

(اRayleigh بييييييييماتيييييييي  ام ق يييييييي لا   ييييييييا ام   ييييييييام ام ص يييييييي   ا ل  ييييييييا اب ييييييييام المم يييييييي ا 

 ق  يييييي نا ةم ام  ميييييي  ا يييييي  قل ا ييييييمةاا    يييييي  اكيييييي اب يييييي   ا(اRician    ييييييا اب ييييييام الم يييييي   ا 

ا  ييييي ابييييي نام يييييم ام ل ييييي افييييي ام   ق ييييي  ا   يييييل  اا(تBERمييييي ام   يييييام تا ايييييناا  ييييي نامضةم ا  ييييي  ل

  ييييي ا  ييييي تامييييي ا تييييي ااب ييييي  ا ةم ام فامشييييي ام ل  ييييي تااييييينامعيييييقلمم اكامشييييي اح ييييي ا   ييييي تا

   ااييييييىة ام يييييي اا   يييييي ا ا يييييي  ا  امق  ييييييصااقيييييي  اام  لميييييي  املإلشيييييي ةم ا رميييييي ة اا ييييييا ام،عييييييق 
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