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Abstract—Signal detection turns out to be a critical challenge
in massive MIMO (m-MIMO) system due to the deployment of
large number of antennas at the base station. Although, the mini-
mum mean square error (MMSE) is one of the popular signal
detection method, but, it requires matrix inversion with cubic
complexity. In order to reduce computational complexity, sev-
eral suboptimal signal detection methods were proposed such
as Gauss-Seidel, successive over relaxation, Jacobi, Richardson
methods. Although, these methods provide low complexity but
their performance are limited to MMSE method. In this paper,
we have proposed two signal detection techniques namely QR
decompositions (QRD) and ordered QRD (OQRD). Finally, the
performances of proposed signal detection methods are com-
pared with various conventional methods in terms of symbol er-
ror rate (SER) and computational complexity. The simulation re-
sults validate that the proposed methods outperform the MMSE
method with substantially lower computational complexity.

Index Terms—Massive MIMO, Signal detction, QRD, OQRD,
MMSE, Low complexity.

I. INTRODUCTION

Massive multiple-input multiple-output (m-MIMO) is the
most promising technique in 5G and beyond 5G (B5G) due to
its high spectrum and energy efficiency, high spatial resolution,
and simple transceiver design. In m-MIMO, a large number
of antennas are employed at the base station (BS) [1, 2]. In
the uplink transmission, the signals transmitted from mobile
terminals are superimposed at the BS which cause interference
and reduces the data rate. Due to deployments of large number
of antennas, it requires advanced signal processing for data
detection. The maximum-likelihood (ML) detection provides
optimum bit error rate performance [1, 2]. However, it is
not practically possible to employ the maximum likelihood
(ML) detector due to its huge computational complexity as
it searches all possible combination while performing data
detection . The problem is also becoming more complicated
when high-order modulation schemes are used and more
users are multiplexed. Therefore, many nonlinear signal data
detection methods are proposed which includes sphere decoder
(SD) [3], tabu search (TS) [4], dirty paper coding [5] etc.
Unfortunately, for massive MIMO systems with large num-
ber of antennas and higher-order modulation schemes, such
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methods need still very huge computation complexity. For
spatially correlated massive MIMO system, random matrix
theory based algorithms such as principal component analysis,
eigen analysis, Karhunen-Loeve decomposition, were applied
for signal detection [6-8]. However, Most researchers focused
on linear signal detection algorithm rather non-linear methods
for spatially uncorrelated m-MIMO system. Although, zero
forcing and minimum mean square error (MMSE) are the two
popular linear signal detection methods, they require matrix
inversion with cubic complexity. Even though linear signal
detection methods may not offer sufficient performance, still
most of the researchers focused on linear methods because of
reduced computational complexity. Several linear signal detec-
tion methods were proposed by exploiting the Gramian matrix
to avoid matrix inversion which include Gauss-Seidel (GS) [9],
the Neumann series (NS) [10], the successive overrelaxation
(SOR) [11, 12], the Jacobi method [13], the conjugate gradient
(CG) [14], the optimized coordinate descent (OCD), and the
Richardson (RI) [15]. It has been observed that NS method is
lower than the complexity of the detector based on GS, JA,
RI and SOR methods, however its performance is the least.
A hybrid pseudo-stationary iterative detection algorithm based
on Chebyshev polynomial and Weyls inequality was proposed
in [16] for uplink massive MIMO systems. This method
provides near to ZF method. The authors in [17] proposed
a weighted two stage (WTS) method which achieves similar
performance to ZF method with lower complexity. Latter, a
modified weighted two stage (MWTS) method was proposed
in [18] which outperforms the WTS method. However, its
performance is lower as compared to MMSE method. In [19],
Cayley-Hamilton theorem-based two low complexity signal
detection have been proposed to avoid the matrix inversion.
This method has lower computational complexity as it does
not involve in Gramian matrix. The authors in [20] performed
signal detection by QR decomposition of Gram matrix G =
HH H. This method has performance limitation to ZF method
because the QR decomposition was applied to ZF Gramian
matrix. Similarly, in [21], the author applied several matrix
decomposition technique such as QR, LDL and Cholesky.
These matrix decomposition algorithm were applied to MMSE
Grammian matrix, therefore their performances are limited to
MMSE method.

In this paper, we proposed two signal detection methods
namely QR decomposition (QRD) and order QRD (OQRD)
methods for m-MIMO uplink communication system. The QR
decomposition is directly applied to original channel matrix H
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to obtain estimated transmitted signal. Thus, it outperforms
other QR decomposition methods [20, 21] where the ZF
and MMSE Gramain matrix are decomposed by QR method.
Furthermore, the performance of QRD method increases by
ordering the column norm of channel matrix in ascending
manner. We call this method as OQRD method. The pro-
posed QRD and OQRD methods are compared with various
conventional method such as Gauss-Seidel, successive over
relaxation, Jacobi, Richardson and MMSE methods in terms
of symbol error rate and computational complexity.

We organize our paper as follows. In Section II, we describe
the massive MIMO uplink system model. In Section III, we
discuss various signal detection methods. In Section IV, we
present the proposed signal detection methods. In Section
V, we show simulation results of proposed and conventional
methods in terms of symbol error rate. Finally, Section VI
concludes the paper.
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User 1
User 2 User 2
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uonosieq
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User 3
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Fig. 1: Block diagram of uplink massive MIMO system with M number of
base station antenna and N number of users

II. SYSTEM MODEL

The uplink channel is used to transmit data symbols from
the user terminal to the base station. In a multiuser uplink
massive MIMO system, M number of base station antennas
are employed to serve N number of users simultaneously as
shown in the Fig 1. Let x denote the complex valued N x 1
simultaneously transmitted signal vector from the N users to
the base station. The received signal vector y at the BS can
be given by

y=Hx+n ey

where H is the channel matrix between the user terminal
and the base station with size M x N and M > N. The
parameter n is the M x 1 additive white Gaussian noise
(AWGN). Although, the maximum likelihood (ML) method
is the optimal signal detection method, it is not preferable
from the hardware implementation perspective due to its
high computational complexity. Therefore, suboptimal linear
signal detection techniques such as zero forcing and minimum
mean square error (MMSE) methods are widely accepted due
to their near-optimal performance with lower computational
complexity as compared to ML method. The signal detection
based on MMSE method is given by

N —1
T = (HHH+ mIN> HHy = AileF (2)
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where A = (H"H + %IN) and &yp = H'y. The
matrix Iy is the N x N identity matrix and SNR is the
signal to noise ratio. The MMSE method involves large
matrix inversion operations with cubic complexity. To achieve
close performance of MMSE with reduce complexity, several
signal detection methods have been proposed such as Jacobi,
Richardson, Gauss-Seidel, successive over relaxation methods
by exploiting the Gram matrix.

III. CONVENTIONAL SIGNAL DETECTION METHOD

In this section, we have discussed various signal detection
methods namely Jacobi, Richardson, Gauss-Seidel, successive
over relaxation methods for massive MIMO uplink system.

A. Jacobi Method

The Jacobi method was proposed for m-MIMO uplink
system in [13]. The Jacobi method approximate the matrix
inversion with reduces complexity. The Jacobi method is an
iterative approach for finding the solution to a diagonally
dominant system. The equation (2) can be rewritten as

Az =ZyF 3)

Note that when N/M is large, matrix A becomes diagonally
dominant. The estimated signal can be obtained as

3 =D @y + (D - A)a" )] )

where D is the digonal matrix of A. The initial values can be
selected as

20 =D 1% ,yp. 5)

It can be verified that the first iteration of JA method does not
involve matrix multiplication, thus computational complexity
decreases.

B. Richardson Method

The Richardson method was proposed in [15]. In this
method, the signal detection is performed by iterative process
through the exploitation of Gramian matrix G = HH. Here
the convergence rate is very sensitive to a selection of relax-
ation parameter (w) where 0 < w < /\jm and the optimum
value of w is defined as w = /\nniﬁ . The parameter
Amaz and A, are the maximum and minimum eigenvalues
of the symmetric positive definite matrix A respectively.The
estimated signal is obtained as

2D = 2 4, [y _ H:c(")} n=0,1,2,---  (6)

If a prior knowledge of x(©) is missing, a zero vector can be
considered without loss of generality. It can also be selected
as () = D~'&,,x and iteratively refined. The accuracy and
the number of computations are highly affected by the value
of w.
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C. Gauss-Sidel Method

The Gauss Sidel method computes the solution by an
iterative behaviour where the Hermitian positive semi-definite
matrix (A) is decomposed to a lower triangular matrix (L),
upper triangular elements (U), and the diagonal entries (D).
In other words, the matrix A can be written as

A=D~+L+TU. @)

This method performs the signal detection in an iterative
process as given by

™ =D+ 1! [@MF _ Ua‘c(”_l)} Con=1,2,--Ip
®)
where Ip is the total number of iterations. Typically, the
initial data signal #© is considered as a zero vector for
simplification.

D. Successive Over Relaxation Method

In order to avoid the large dimension inversion matrix, the
successive over relaxation(SOR) is a best choice in signal
detection. It improves the accuracy of GS method by using
a relaxation parameter (w). The signal is estimated as

-1
& = FD + L} |:ff7]\4F + Hl - 1} D - U} @["”J
w w

9)

Convergence of the SOR method is highly affected by
the relaxation parameter (w). In the MIMO framework, the
relaxation parameter (w) of the SOR technique is typically
good when 0 < w < 2. The optimum value is given by

2
T Where a = (1 + \/%) — 1. This value of
w is fixed throughout the iteration process.

w =

I'V. PROPOSED SIGNAL DETECTION METHODS

In this section, the proposed signal detection methods
namely QRD and OQRD are discussed for uplink massive
MIMO system.

A. ORD Method

In this paper, we have applied QR decomposition to the
channel matrix H for performing signal detection. The relation
between received and transmitted signal can be written in
matrix form as given by

hit hio hin
h hor  hao han T w1
Y2 . . T2 w2
. = +
Ym : ’ ’ : TN WM
hyt hare -+ hun
(10)

where h;; is channel impulse response between jth transmit-
ting antenna to the 7th receiving antennaand j = 1,2, ..., N—1
and ¢ = 1,2,...,M — 1. The channel matrix H can be
decomposed into QR factors as H = QR where Q;«n is an
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orthonormal matrix and Ry v is an upper triangular matrix.
Substituting H = QR, the received signal can be written as

an

After multiplying Q" with the received signal vector y,
equation (11) can be modified to

y=Hx+n=QRx+n

§=0Q"y=Q"MHz +n) =Rz +n (12)
The equation (12) can be expressed in matrix form as
U1 Ri1 Rio RN Z 1
Y2 0 Ra Ran T2 g
. = . . +
N 0 0 Ryn TN nn
(13)

Since, R is a lower triangular matrix, backward substitution
method can be applied to obtain the estimated transmitted
signal vector and can be written as

&y = [jn/RNN] (14)
~ N ~
Yk — Z YkjTj
i =11 J=ktl k=N—1:-1:1 (I5)
Ry,

where II() denotes the hard decision function. The detail
steps of QRD method is summarized below.

[Step 1]: Initialization: y, H,x; y =Hx +n

[Step 2]: Decomposition of channel matrix H = QR,
y=Hx+n=QRx+n

[Step 3]: Multiplication of QY with y
7y=Q"y=Rz+n

[Step 4]: Obtaining the transmitted signal using backward
substitution method
&y =1l[jn/RnN]
N
Je— >
j=k+1
Ry,

YkjZj

T =11 Jk=N-1:-1:1

B. OQORD Method

The QRD method may suffer from error propagation prob-
lem if the initial signal is not detected correctly. Therefore,
an order QRD (OQRD) method is proposed which orders
the column vector of the channel matrix H. The relationship
between received and transmitted signal can be written in the
column form as

y=Hx+w =hyx1+hsxo+ - +hyzy+n (16)

where h;, is the kth column vector of channel matrix H and
x, is the kth element of the transmitted signal vector x. To
perform the ordering of column vector in an ascending manner,
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the procedure is as given follows. At first, we calculate the
norm of each column vector of the H matrix as given by

normyg = ||he|  k=1,2,.....N a7

Then, we sort vector norm =

[ normsi, nNOTrmMs, , NOTM N ] in an ascending
manner and find the index term

index = sort(norm) (18)

The column vectors are arranged according to the indices to
obtain the ordered banded CFR matrix H,

hor =H,(:, k) =H(:,indexy) k=1,2,....,N (19

where h, j, is the kth column vector of H, matrix and indexy,
denotes the kth element of index vector. The ordering of the
transmitted signal vector can also be represented in terms of
the indices as given by

Zo,i = x(indexy,) k=1,2..N (20)

Substituting the ordered channel matrix H,, as defined in (19)
and ordered transmitted signal vector x, (20), the received
signal vector y can be expressed as

y= Hoxo +n (21)

The order channel matrix H, can be decomposed into QR
factorization H, = @Q,Ry. After multiplication Qf on both
sides of (21), it yields

y= ng = Qf(Hoxo +n)
=Q. (Q,Rox, +n)=Rox,+10
The transmitted signal is obtained after performing the

backward substitution method. The detail steps of QRD
method is summarized below.

(22)

[Step 1]: Initialization: y, H , x

y=Hx+w =hyx1 +hsxo+ --- +hyzy +n
[Step 2]: Calculating norm of Channel matrix H and index
the norm in ascending order
normy = |hel|,  k=1,2,.....N
index = sort(norm)

[Step 3]: Modifying the channel matrix H and signal vector
x in terms of ascending order
H,(:, k) = H(:,indexy) k=1,2,...N
Zo,k = x(indexy,) k=1,2...N
[Step 4]: Decomposition of channel matrix H, = Q,Ro,
y=Hx, +n=QR.x, +n

[Step 5]: Multiplication of Qf with y
¥=Q:'y =Rox, + 10

[Step 6]: Obtaining the transmitted signal using backward

substitution method
Zon = U[fon/Ron ]
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N
Jok— > YokjTod
=kl

Rokk

Tor = 11 k=N-1:-1:1

This method eliminates the error propagation problem of
QRD by detecting the stronger signal at first and then cancels
its effects before detection of weaker signal.

C. Computational Complexity

In this section, the computational complexity of the pro-
posed QRD, OQRD methods are analysed in terms of multipli-
cations. Then, the complexity of the proposed metod is com-
pared with various signal detection methods which includes
MMSE, Jacobi, Richardson, Gauss Seidel and SOR methods.
The QR decomposition of channel matrix H requires N2-529
[22]. Multiplying Q¥ with Y requires NM? complexity. To
obtain the estimated transmitted data signal requires backward
substitution algorithm as given in [step 4] of the proposed
QR method requires 2N (N — 1) complexity. Thus, the QRD
method requires a total of N2-52% 4 4ANM? 4+ 2N(N — 1)
complexity. The ordered QRD (OQRD) require same com-
plexity as QRD method. In addition to that, OQRD method
requires to find the norm of the column vector of matrix H
which needs 4 M N operations. Thus, total complexity involves
in OQRD method is N2-52° - 4NM? + 2N (N — 1) +4MN.
The computational complexity of the proposed methods are
compared with conventional methods and is given in Table 1.

TABLEI
COMPUTATIONAL COMPLEXITY

Method Multiplications
MMSE 2MN? + (10/3)N3 + 4M N + 4N?
Jacobi [13] (4M +4Ir +1)N? + 2NM
Richardson [15] | (4M + 4I7)N? + 2NM
GS [9] (4M +4Ir —2)N? + 2(N — 2I7 + )N
SOR [12] (4M + 4l —2)N? +2(M — I + 1)N
QRD NZ529 L ANM? + 2N(N — 1)
OQRD NZ529 L ANM? + 2N(N — 1) + 4MN

Symbol Error Rate
5

—p— MMSE
—+— Jacobi
3| | === Richardson
GS
SOR
—#— QRD
~=j— OQRD
0 5 10 15 20 25
SNR(dB)

Fig. 2: SER performance comparison of various signal detection method
forr NR =24, NT = 64
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—p— MMSE : P
=t Jacobi "
_3| | =©— Richardson
107 F Gs

SOR
—#— QRD
~— OQRD
0 5 10 15 20 25
SNR (dB)

Symbol Error Rate
5

Fig. 3: SER performance comparison of various signal detection method
for NR =36, NT = 64

V. RESULTS

In this section, the performance of proposed QRD and

OQRD methods are compared with various conventional signal
detection methods for uplink massive MIMO system in terms
of symbol error rate (SER) and computational complexity.
The SER performance of various signal detection methods are
carried out based on Monte Carlo simulation using MATLAB.
We have considered M = 64 number of receiving antennas
at the base station and N number of users with each user
equipped with single transmitting antenna. For simulation,
the antenna configuration (N x M) are as follows: 24 x 64,
3664 and 48 x 64. The baseband signal modulation technique
uses 16QAM, and for each SNR value, we simulate at least
48000 symbols. The transmission channel is considered as
non-correlated Rayleigh fading channel. The perfect channel
state information (CSI) is assumed to be known at the receiver
terminal.
Fig 2, Fig.3 and Fig 4 show the SER performance comparison
of proposed QRD and OQRD methods with various conven-
tional signal detection methods for number of users N = 24,
N = 36 and N = 48 respectively. From the simulation
results it is seen that the Jacobi method has significantly lower
performance. It is observed that the performance of Richardson
method is much better Jacobi methods. The simulation results
shows that the performance of SOR significantly improves and
outperforms all the conventional methods when the number
of users increases. The GS method is much better than
Jacobi and Richardson methods. The performance of SOR
provides slightly better when the ratio between user to BS i.e.
N/M increases. Since, all the signal detection methods are
derived from MMSE method based on several approximate
matrix inversion methods, therefore, their performance are
always lower than the MMSE methods. The performance of
proposed QRD significantly outperforms the MMSE method.
It is observed that the performance of OQRD method gives
better performance than QRD method as it performs addition
ordering of the channel matrix.

The SER vs number of users (/V) performance comparison
for various signal detection methods at 20d B SNR is shown in

24

Symbol Error Rate
>

—p— MMSE
=—t— Jacobi
_3| | === Richardson
3 GS

SOR
—#— QRD
—f— OQRD

0 5 10 15 20 25
SNR (dB)

Fig. 4: SER performance comparison of various signal detection method
for NR =48, NT = 64

Symbol Error Rate

—p— MMSE
—+— Jacobi
—©— Richardson
GS

SOR
—#— QRD
—— OQRD

I I I I
10 15 20 25 30 35 40 45 50
Number of users

Fig. 5: SER Vs number of user (N)performance comparison of various
signal detection method at 20dB SNR

the Fig 5. The simulation results shows Jacobi and Richardson
achieves considerable performance for lower number of users.
But, as the number of users increases their performance
significantly decreases. It is observed that the performance of
GS and SOR methods performs close to MMSE method for
lower number of users and the performance gap increase with
a large number of users. It can be seen that the performance
of proposed QRD method outperforms the MMSE method for
lower to medium number of users. From the result, it is also
observed that the performance of proposed OQRD method
significantly outperform the MMSE method. Although the gap
between OQRD and MMSE method decreases with very high
number of users but still the OQRD method is significantly
outperforms the MMSE method.

VI. CONCLUSION

In this paper, we have proposed QRD and OQRD based
signal detection methods for massive MIMO uplink system.
The QRD method is based on the QR factorization of the
original channel matrix to obtain estimated transmitted signal.
Furthermore, the OQRD method is proposed which enhances
the performance of QRD method. The OQRD method is based
on the QR decomposition of the column norm ordering of the
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channel matrix. These proposed methods are compared with
various conventional signal detection methods which include
Jacobi, Richardson, Gauss-Sidel, SOR and MMSE in terms
of SER and computational complexity. The simulation results
show that the proposed methods significantly outperforms
conventional signal detection method with complexity lower
than MMSE method. Therefore, the proposed OQRD method
can be considered as a suitable signal detection technique for
uplink massive MIMO system.
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