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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.
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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-0OSIC 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:

e \We propose a channel estimation approach by forming a matrix equation with all the unknown
channel parameters in one vector.

e This vector is estimated in UL transmission using least-square (LS) method.
Training symbols can be used for channel estimation.

o 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 N, users with a single antenna to a single BS
with N,. antennas. The system is presented in Figure 1, for a Ma-MIMO OFDM with K sub-carriers. A
cyclic prefix (CP) with length v 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].
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Figure 1. System model of Ma-MIMO combined with OFDM technique.

From Figure 1, the frequency response at the k" subcarrier corresponding to the channel from the m*"
transmit antenna to the q*" receive antenna at the nt" time frame (i.e., OFDM symbol) is given by [33]:

@M gy = yrL=1 p@m) =i
WM = Bi k™ e
= SR Q) o0 (1)
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T
where h9™ (1) is the It* channel impulse of A{9™ = [h(q ™(0), -, K™ (L - 1) ] with dimension
(L x 1) [35], which is the channel impulse response from the m‘" transmit antenna to the q*" receive

antenna, when the nt" OFDM symbol is transmitted. Under the assumption that hflq'm)(l) follows the
CV(0,02) [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 %™ (1) = |h9™ (1)|e=i#»® s assumed to be a zero-mean
complex Gaussian process [36], with uniformly distributed phase ¢,,(1) on [0,27] and with Rayleigh

distributed envelope [R{%™ (1)|; whereas the magnitude [R*™ (1)| of the I*" tap is a Rayleigh random
variable with the probability density function (pdf) [17] and [34]:

pdf (x) = —e ﬁ x=0 )

and the squared magnitude |h,(lq'm)(l)| is exponentially distributed with density:
%e_?, x=0 ©)

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,
h™) (1), at least for one value of I, can be modeled as [17]:

K . 1
hgq'm)(l)z fmaeje + /ECN(O,UZ) )

with the first term corresponding to the specular path arriving with uniform phase 6 and the second term
corresponding to the aggregation of the large number of reflected and scattered paths, independent of 8.
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]:

x2+c2

pdf(x) = Ze™ 27 Iy(5) (5)
where ¢ represents the LoS component and I, (.) is the modified zero-order Bessel function of the first

2
kind. From Equation (5), the Rician factor is defined as = 2— 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 q”l receive antenna is considered at nt" 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 qt" receive antenna (Figure 1) and using Equation (1), the received signal
v (k) can be written as [19], [27]-[30]:

WO k) = ¥ HO™ 10)x (™ (k) + 232 (k) 6)
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where q = {1,---,N,;}, 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:
N¢
m=1
T T
where Y@ = [ 712 (0),7s”(1), - 3Pk - D] 2 = [P (0), 2P (1), -+, 7" (K = D] .
Furthermore, The OFDM symbol that is transmitted from the m" antenna at nt" time frame is defined
by:
x™0) 0 0
W= "0 -~ 0

0 0 x™ME -1, .

where the k* diagonal element of X{™ is xT™ (k). In addition to that, G™ is a vector equal to FR{%™
of dimension (K x 1) . From Equation (1), we can define:

ri 11 (L1 ; K™ )
1w o W n
L | a7 ®
L k-1 o (R=1)(-1) R@™ (], — 1)
1w o W I, n Lx1
Inserting Equation (8) into Equation (7), the following expression of the received signal is obtained:
N
Y@ = Z XVFRE™ + 70 ©9)
m=1

where Z,(l‘” is an AWGN with zero mean and variance of ¢;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 B,(lm) and data

sequence D™ Let us denote X™ = D™ + B, Thus, Equation (9) can be obtained such as [27]-
[30]:

Va? = Spicy XyOFRI™ + 2,0
= Ty (B + DIYFRI™ + 7,0
= Anby” + Tb? + 29 () (10)
where A, = [BSVF, -+, B"YF] of dimension (K x LN,), T, = [D,(LI)F,---,Dr(INf)F] of dimension (K x
LN,). Similarly, B"™ and D{™ are a (K x K) diagonal matrix defined as:

b{™0) 0 0 d™ ) o 0
B™=| o - 0 and D™ =| o - 0 (11)
0 0 bME-DI.,. o o0 dM&-1l.,

where b (k) and d™ (k) are the k" diagonal element of B™ and D™, respectively. Furthermore,
the channel vector from all N, users to q*" receive antenna can be noted as:

A = [R@D" . g (12)

where Equation (12) is unknown channel of dimension (LN, x 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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AD = 4ty @ (13)

where At = (AHA,) 1A is the pseudo-inverse with a full column rank of LN, (i.e., rank(A,) =
min(gK, LN;)). 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:

AY = gD 4 4t D 1 7@ (14)
Further, to suppress the interference due to the data, the following condition is imposed [30]:
041-'{7;1 = OLNtXLNt (15)

This condition is valid when B,Sm)HD,(f) = Opxx,Vm,s €{1,--,N;Jandvn €{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 B,Em), where Dflm) contains non-zeros and inversely) [30]. In addition to
that, let us assume P/g pilot per OFDM symbol. Thus, the dimension of A;; becomes (P x LN, ) and

the diagonal matrix B,Sm) of dimension (P/g x P/g) is at the n'" time frame. Consequently, we can
write Equation (14) as:
AY = 4D + a3z® (16)

Equation (16) indicates that ﬁ;q) is a combination of the true channel vector h;@ plus a term
affected only by the noise in the system. For zero-mean noise, E{A %} = A9 + At E{Z P} =

/L%q); ie., /153) forms an unbiased estimate of n&ﬁl Furthermore, the estimated channel matrix M,, €
CNr*Ne “including all users antennas N, and all BS antennas N,., is given by [30]:

'i\ln(l,l) . ;\lgll’Nt) T
= = ol
S PYCEY NCED un R R
=P T =D, B (17)
:(N 1) : NyNp) ﬁ(NT)T
R L g n

where the estimated channel vector at the n™" time frame and user position i is given by f[,‘l =
R T ~ T

[hn(l’l) O hELNT’l) ]17; whereas training OFDM symbols are used over the time indices ne{0,---,g-1}
[1], [8] and [27]-[30]. Thus, Equation (10) can be written as: Y@ = A A@ + 7 2@ + 7@ where

the received signal at the gt" receive antenna can be noted by: Y (@ = [Yo(q)T, -, Yg(f’)lT]T and the noise

vector becomes Z(@ = [qu)r, ---,Zé‘l)f]T. The channel vector is A (@ = mgq>, "',ﬁi(gq_)d- Similarly, A
and T are noted as:

)

BWF ... Bé”f)F] [Dél)F .. DMOF

clqo [ .
A = : =\ : and T =
(¢D) (Ne)
ng_ll |Bg_1F =+ By§ F‘

respectively. The same process of channel estimation has been carried out for all n as the n™ time frame.
Moreover, after channel estimation at the g“"*receive antenna and n‘" time frame (i.e., Equation 13), the
MSE is derived in the next section.

o

Tas

L@ oA
DO Dg_;F‘

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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1 2
_ = +7(q)
_LNtE{“c/ann || }

H H
=Limtr{ﬂ;E(z;q)zgq) )5 (18)

1
MSE, =—E{‘

H
For zero-mean white noise, we have: E (Z%q)Z%q) ) = ¢2. Then, the MSE can be written as:

2
MSEy = 7o tr{(Af An) ™} (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 AH A, =
Plin,xLn,- The minimum MSE is given by:

min _ U_rzl
MSET - (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 A A,, can be rewritten
as[18], [21]:
Ci1 - Cip,
AfA, =] : (21)
Cnoi o Cugn,

where C, s is a sub-matrix of A% Ay, with dimension (LxL), that is given by:
Cps = FEBM B 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, Af Ay, = PIpy,«.n,; that is to say [18], [21]:

Pl ifm=s
H _ LXL»
c'q“dq“_{OLXL, ifm#s (23)
The positions of the P pilot tones used for training are defined as {kg, k1, k5, -+, kp_1}. In addition to
jemlkg jemlk, jemlky jemikp_q 1T
that, F can be noted as F = [f,, f1, f2, ==, fu—1], where f; = [e K ,e K ,e K ,-,e K ]

Thereby, from Equation (23), when m = s, the power on the it" pilot tone of the m‘" transmit antenna
can be noted as p/™. Thus, Y.\- p™ = P [18], [19] and [21]. Therefore, Equation (22) can be written as
follows:

Cm,m = FHdia.g{[p(r)n' pIn' 'p;’n—l]H}F (24)
From Equation (24), the (n, d)*" entry of the sub-matrix C,, ,, is obtained as:
[Crm ], = A diag{[pg, o1, -+, PFL1 1"} a (25)

which is equivalent to:
P, ifn=d
j2mk;(n—d) 26)
PipMe™ k , ifn#d

[Cmmhua =1

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

2jmk;p
Poiple™ k =P8(p), Vo €{-L+1,,L—1} (27)
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Accordingly, the above condition is satisfied if and only if the following conditions are satisfied [18],
[19] and [21]:
> pr=T,¥i€{0L,P—1} andVme (1, N}
» ki=py+pV,vp €{-L+1,-,L—1}\{0}, whereV € Z suchthat PV¢p/K €
ZandVp/K ¢ ZVp € {(—L+1,--,L —1},and p, € {0,1,--,V —
1} is some of fset.

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 v¢p € {—-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 > LN;; thatisto say P =
21082LNt [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:

Cms = 292s EHB™, BOF, (28)
1 ZjTIki'nd)
Yoo Lico pine” K =P8(¢), VpE{-L+1,-, L—1} (29)
where the positions of the P pilot tones used for training become {kO,n' kinkom s kp_l,n}
jemlkon j2mlkyp Jjamlky jemlkp_qp 17
and E, = [fO,n'fl,n'fZ,n""'fL—l,n]’ where fl,n =l€ kK ,e kK ,e K ,-,e K ]

The power on the it" pilot tone of the m!" transmit antenna can be rewritten as: pin, thus

I onP-ipm =P [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 ]ﬁln 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:
~ +
Tzr = Hy (30)

where I, = (fﬂﬁﬁn)_lﬁﬂ is the pseudo-inverse of dimenion (N; x N,).

T

i ,
y A
-—é@ demodulator -

v

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 Ty, sg IS given by the solution to the following minimization problem [2], [22]-
[23] and [27]-[29]:

. 2
Tumse = argry sy MIN E(“X - TMMSEY||2) (31)

T T
where Y = [Y,fl),---,erNf)] and X = [X,(ll),---,X,(le)] . Finally, the transformation Ty Can be
defined as:
o~y -1 ~
Tumse = (HEH, + 2021) MY (32)
where o2 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 X;, the remaining signal in the first stage is formed by
subtracting it from the received signal as y; = y — H 1 X;.

Y First stream Xy
detection
v =y — Hix, Y1 Second‘stream X2 R
detection
s = v, — F2X, Yz | Third stream A3
detection

Figure 3. lllustration of OSIC signal detection example of three spatial streams (i.e., N;=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 X,.

5. Similarly, the remaining signal and the interference in the second stage are formed by
subtracting it from the received signal as y, = y; — H2X,.

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 Ty g, the post-detector with SINR is defined as:

) 72
SINRl — ExlTl,MMSEHn| (33)

Ex Xi#i |TimmseHn|2+04|Ti mmsE 2

where T; yysg is the it" row of matrix (Equation 32), H. is the i*" column vector of the estimated
channel matrix ]T-TIn atn'" time OFDM sysmbol withi = 1,2, -+, N,. Also, E,, is the transmitted signal

energy. Furthermore, once the N, 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

Sty i = "R 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 T, the SNR

is defined as:
Ex

2
onlITizrll?

SNR; = (34)

wherei =1, 2, -+, N;. Similarly, the procedure discussed in the first method can be used. In this

= Ne@etD) 141 127] and

method, the number of SNR values to be calculated is also given by Zévztl i .

[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
N; X N, 50 x 100, 50 x 200 and 50 x 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 v = 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 (N;) is set to be 50 (i.e., respecting the condition treated in
subsection 4.1; that is P>LN;).

Subcarrier Indices

1024 1
OFDM Symbols

Figure 4. OFDM subcarrier for a Ma-MIMO system with N, = 50 and N, = 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.
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Figure 6. Channel estimation error vs.

Rician fading channels. SNR for Rayleigh channel.

Figure 5. Distributions for Rayleigh and

Figure 6 shows the channel estimation error for N,. = 100, 200 and 300 when Rayleigh channel is applied.
The channel estimation performance improves when N,. increases and SNR increases. In related work
[32], for N, x N,= 128 x 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 N, X N.= 128 x 128. Moreover, for N,. x N,= 100 x 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 (N,,=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 6), MMSE behaves like ZF, since the second term inside the inverse operation
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Figure 7. BER vs. SNR for L=1 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 N, x N.=128 x 16 Ma-MIMO system, refinement Jacobi (RJ)-based detector achieves a BER
of around 3.2 x 1073 at SNR = 13 dB, while for the N, x N, = 256 x 16 Ma-MIMO system, it achieves
a BER of around 5 x 1075 at the same SNR. For N, x N, = 100 x 50 Ma-MIMO, for example, ZF
detector achieves a BER of around 319 x 107° (i.e., 0.319 x 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 N, x N;= 128 x 80 Ma-MIMO system, Generalized Approximate Message
Passing Detector (GAMPD) achieves a BER of around 10~2 at SNR = 4.3 dB. For N, X N, = 100 x
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
1072 for a Ma-MIMO of N, x N, = 200 x 50. Moreover, at N, = 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

-zF
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- OSIC-SINR-Based Ordering
OSIC-SNR-Based Ordering ||
True channel

Bit Error Rate (BER)

SNR [dB]

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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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., N, = 50). More interestingly, this improved
performance of OSIC-SNR-BO compared to that of OSIC-SINR-BO increases remarkably as N,
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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