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Abstract—In fifth generation (5G) cellular system, massive
multiple-input multiple-output (MIMO) is utilized to improve
the diversity gain, reliability, link robustness, latency, and power
and spectral efficiencies. However, a large number of antennas
requires sophisticated signal processing to detect data. Although
the detection based on maximum likelihood (ML) obtains the
best performance, it is not hardware friendly because of the
exponential complexity. Therefore, several iterative methods are
proposed to estimate the signal without computing the inverse
of equalization matrix, and hence, minimize the complexity.
The Jacobi (JA) and the Gauss-Seidel (GS) methods achieve
a satisfactory performance. However, large iterations’ number
is in demand which produces a high computational complexity.
This paper proposes a detector for massive MIMO uplink (UL)
system based on the JA and GS methods. Proposed detector
obtains a balance between the performance and the complexity.
In this research, initialization is performed based on the JA
method. After-that, the estimation is performed based on the
GS method. Numerical results show that the proposed JA-
GS detector outperforms the GS and the JA based detector.
Moreover, proposed JA-GS based detector requires few iterations
to obtain the target performance and hence, a considerable
reduction in computational complexity is achieved.

Index Terms—Massive MIMO, MMSE, Neumann series, Gaus-
Seidel, Jacobi

I. INTRODUCTION

The strong momentum for fifth generation (5G) commu-
nication system continues. In 2019, the number of mobile
subscriptions have exceeded 7.9 billion. Over 10 million and
1.9 billion 5G subscriptions are expected worldwide by the
end of 2019 and 2024, respectively [1]. High quality of service
(QoS) is a target for mobile companies. Therefore, several key
technologies are employed in 5G systems. The device to device
(D2D) communication can boost the accuracy of communi-
cation between transceivers by reducing the latency. In the
ultra dense networks (UDNs), a dense small cell deployment
is involved, in areas with extremely high traffic intensity. The
spectrum sharing (SS) role is to avert low spectrum utilization
efficiency. In order to meet larger spectrum channels, and
hence, multi Gigabits per second data rates, millimeter wave
(mmWave) uses the spectrum from 30 GHz to 300 GHz [2].
It requires highly directive beams that can maximize energy
transfer to targeted user [3], [4]. The visible light commu-
nication (VLC) is a fast speed technology which provides
unregulated bandwidth and high data rate communication for
indoor environment [5]. The internet of things (IoT) connects

billions of devices, machines, and gadgets. Therefore, the base
station (BS) is equipped with a massive number of antennas to
serve a huge number of devices envisioned by the IoT [6], [7].
In massive massive multiple-input multiple-output (MIMO),
large number of antennas are employed at the BS to turn many
user terminals. Massive MIMO enhances the link robustness,
latency, and power and spectrum efficiencies. However, large
number of antennas needs sophisticated signal processing tech-
niques to equalize the signal [8]. Optimal detection in small-
scale MIMO technology needs an exhaustive search over all
possible transmit symbol vectors. Therefore, the complexity is
too high. The case is coming worse when a large-scale MIMO
system is applied where a large number of antenna elements
are used at both transmitter and receiver sides [9]. However,
the maximum likelihood (ML) obtains the best performance
but it is prohibited in realization due to high complexity. In
literature, intensive research has been conducted to propose
efficient low complexity detectors where a survey is presented
in [10]. For instance, detectors based on the sphere decoding
(SD) [11], the successive interference cancellation (SIC) ,
sparsity based algorithms , deep learning and neural network
algorithms for detection purposes , and lattice reduction-
aided (LRA) techniques [12], [13]. Although they achieve
a satisfactory performance, their complexity is still high. A
detector based on linear minimum mean square error (MMSE)
is an alternative solution but it computes the matrix inversion
which increases the complexity. Several iterative methods are
presented to approximate or avert the matrix inversion such
as the successive over relaxation (SOR) , Gauss-Seidel (GS)
, Newton iterations (NI) , Jacobi (JA), conjugate gradient
(CG), Neumann series (NS), and Richardson (RI)methods.
The complexity of iterative methods is greatly affected by the
number of iterations. However, the GS and JA methods obtains
a satisfactory performance with a low complexity if the base
station (BS)-to-user-antenna-ratio (BUAR) is small.

In this paper, the JA and GS methods are exploited to
propose a low complexity detector for massive MIMO UL
system. It is initialized by the JA method while estimation
of the signal is performed using the GS method. Section II
presents the background and the system model. Section III
presents the joint detector and the initialization technique.
Section IV presents the complexity analysis and the impact
of the proposed initialization on the complexity. Section V



exhibits the result and the discussion. Section VI summarizes
the paper.

II. BACKGROUND

A. System Model

In massive MIMO UL system, many user terminals (K)
are served by massive number of antennas (N) at the BS
where N� K. However, transmitted and received signals are
presented as x = [x1, x2, ....., xK ]

T and y = [y1, y2, ....., yN ]
T ,

respectively. The relationship among x,y, and H is

y = Hx + n, (1)

where n is the N×1 noise vector. The optimum ML detector
exhaustively searches all possible solutions to estimate the
signal as

x̂ = arg min
x∈|C|K

‖y−
√

SNR
K

Hx‖2, (2)

where x̂, C, and SNR, are the estimated signal, the modula-
tion alphabet, and the signal-to-noise ratio, respectively. The
complexity of ML algorithm is exponential and hence, it is
prohibited in realization. Linear minimum mean square error
(MMSE) method is a popular alternative solution to equalize
the signal as

x̂ = A−1yMF , (3)

and

A = G+σ
2IK , (4)

where G is the Gram matrix and G = HHH, σ2, and IK are
the noise variance and the K×K identity matrix, respectively.
The complexity of computing the A−1 is very high and the
problem becomes more dominant when a large size of (A) is
utilized. Therefore, several iterative methods are proposed to
approximate or avert the inverse of A.

B. Neumann series

The Gram matrix (G) is decomposed into non-diagonal
matrix (E) and a main diagonal matrix (D) where G = D+E.
In the NS method, (A−1) can be written as

A−1 =
∞

∑
i=0

(
I−D−1E

)i D−1. (5)

However, if the condition

lim
i→∞

(
I−D−1E

)i
= 0, (6)

is satisfied, (5) converges to A−1. The approximate solution
in (5) is refined iteratively. The NS based detector has high
complexity in comparison with the GS, JA, SOR, and RI
methods. It also sustains a significant loss in performance if
the BUAR is high.

C. Gauss-Seidel

In the GS method, the signal can be estimated as

x̂(n) = (D+L)−1 (ŷMF −Ux̂(n−1)
)
, n = 1,2, · · · , (7)

where ŷMF = HHy, D, L and U are the diagonal entries, lower
triangular matrix, and upper triangular matrix, respectively.
The GS based detector obtains an acceptable performance even
if the BUAR is high.

D. Jacobi Method

In comparison with the GS method, the JA method has a
low convergence rate. The signal can be estimated as

x̂(n) = D−1

(
ŷMF +(D−A) x̂(n−1)

)
. (8)

The JA based detector can be implemented with ease, but
it is not robust and not fast as the GS method.

III. PROPOSED METHOD

In this paper, the JA and GS methods are utilized to design a
low complexity massive MIMO UL detector. Figure 1 presents
a general block diagram of the proposed JA-GS based detector.
The detector contains two stages, the initialization and the final
estimation. The initial solution is computed based on the JA
method as

x̂(0) = D−1yMF . (9)

Apply the first iteration in JA method as

x̂(1) = D−1 (x̂MF +(D−A) x̂(0)
)
. (10)

After that, the initial solution is refined iteratively and the
estimation of the signal is performed based on the GS method
as shown in (7).

Figure 1. Block diagram of the proposed JA-GS based detector

Algorithm 1 presents proposed joint detector using the JA
and GS methods.

IV. COMPLEXITY ANALYSIS

Multiplications and divisions are the most dominant op-
eration in the computational complexity analysis. The GS
method requires a 4nK2 number of multiplications and the
JA method requires a n(4K2−2K) number of multiplications.
The proposed JA-GS detector requires a 4K2 − 2K to ini-
tialize the detector and 4nK2 to estimate the signal. There-
fore, complexity of proposed JA-GS detector is expressed
as 4K2(n+ 1)− 2K. Proposed JA-GS needs a small number
of iterations to attain the target performance and hence, less
computational complexity is required.



Figure 2. Performance of the NS, the GS, the JA and proposed JA-GS based detector in 16×128 MIMO system

Algorithm 1: Joint JA and GS method
Input: y,H,σ2,n,ω
Output: Estimated signal x̂
Initialization:
A = HHH+σ2IK
D = diag(A), U =−triu(A), L =−tril(A)
yMF = HHy
Initial estimations:
x̂(0) = D−1yMF
x̂(1) = D−1 (x̂MF +(D−A) x̂(0)

)
Iteration:
for j = 1 : 1 : n
Apply the GS method using (7)
end
Return x̂.

Table I
COMPLEXITY OF THE NS, GS, JA AND PROPOSED JA-GS METHODS.

Method Complexity
GS 4nK2

JA n(4K2−2K)

NS (n−2)K3 +NK2 +NK
Proposed JA-GS 4K2(n+1)−2K

V. RESULTS

The performance and the complexity of proposed JA-GS
detector are presented. A comparison is conducted between
performance-complexity profiles of proposed detector and the

GS, JA, and NS methods. Performance and complexity are
presented in bit-error-rate (BER) and number of multipli-
cations, respectively. Independent and identically distributed
(i.i.d) Gaussian channels and 16× 128 MIMO system are
considered as well as the modulation scheme is 64QAM.

Figure 2 presents proposed proposed JA-GS method’s per-
formance. Proposed detector outperforms the GS, JA, and NS
methods. In order to obtain a BER = 10−3, proposed detector,
GS, JA, and NS achieve the target BER at SNR = 14dB and
n = 1, SNR = 14.5dB, n = 2, SNR = 16dB, n = 3, and SNR
= 16dB, n = 4, respectively.

Figure 3. Performance-Complexity comparison of the NS, GS, JA, and
proposed JA-GS methods to obtain BER = 10−4 in 16×128 MIMO system

Figure 3 illustrates the required SNR, number of iterations,
and required multiplications to obtain = 10−4. The proposed
JA-GS based detector obtains the target performance at SNR =
16dB with n = 1 while other detectors required large number
of iterations to obtain the target performance. It is clear that the



proposed detector has the lowest complexity while complexity
of the NS method is highest.

VI. CONCLUSION

In this paper, a joint JA and GS methods are utilized
to propose a low complexity detector for massive MIMO
UL system. The JA method has been exploited to initialize
the GS method. Numerical results show that the proposed
JA-GS detector achieves a performance enhancement and
complexity reduction. Proposed initialization method could be
applied with the SOR, the Richardson, and the CG. Moreover,
proposed method could be used to initialize nonlinear based
detectors such as the SD and the SIC.
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