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Abstract
Focusing on the impact of channel and power allocation on spectral efficiency
in large-scale MU-MISO systems, this study investigates the spectral efficiency
problem under spatially correlated channels. First, the steering matrix is de-
termined through the path difference of transmitted signals to obtain the user
transmit correlation matrix, and combined with large-scale shadow fading and a
scattering environment with Gaussian distribution, a spatially correlated chan-
nel is established. Then, based on the spatially correlated channel, precoding
is employed to reduce multi-user interference, and the impact of precoding on
spectral efficiency is simulated. Finally, under the scenario of limited transmit
power and each user’s received signal having a certain signal-to-interference
ratio (SIR), a power allocation algorithm is proposed to maximize the total
spectral efficiency of the system. Simulation results demonstrate that the spec-
tral efficiency of RZF precoding in spatially correlated channels outperforms
that of MRT precoding. Compared with equal power allocation, the proposed
algorithm achieves significant improvement in spectral efficiency and possesses
strong theoretical value and practical significance.
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Abstract

This paper addresses the spectrum efficiency problem in large-scale MU-MISO
systems under spatially correlated channels, where spectrum efficiency is af-
fected by both channel characteristics and power allocation. First, a spatially
correlated channel model is established by deriving the user transmit correla-
tion matrix from the steering matrix determined by the wave path difference of
transmitted signals, combined with large-scale shadow fading and a scattering
environment with Gaussian distribution. Then, based on this spatially corre-
lated channel, precoding is employed to reduce multi-user interference, and the
impact of precoding on spectrum efficiency is simulated. Finally, a power allo-
cation algorithm is proposed under scenarios with limited transmit power and
constrained signal-to-interference ratio for each user’s received signal, aiming to
maximize the total system spectrum efficiency. Simulation results demonstrate
that RZF precoding achieves better spectrum efficiency than MRT precoding
in spatially correlated channels. Compared with equal power allocation, the
proposed algorithm significantly improves spectrum efficiency and holds strong
theoretical and practical significance.

Keywords: multi-user; spatial correlation channel; power allocation

0 Introduction
With the rapid development of wireless services, the fourth-generation mobile
communication system (4G) can no longer meet people’s demands for wire-
less transmission rates in terms of spectrum efficiency and power efficiency.
Therefore, breakthroughs are needed in wireless transmission for the future
fifth-generation mobile communication system (5G) to achieve the dual goals
of higher spectrum efficiency and green wireless communication [1]. Multiple-
input multiple-output (MIMO) technology [2] has attracted significant attention
due to its great potential in improving spectrum efficiency and link reliability,
making it one of the key research directions.

In MIMO wireless communication systems, based on the number of users, they
can be divided into single-user MIMO (SU-MIMO) systems and multi-user
MIMO (MU-MIMO) systems. Literature [3,4] studied the relationship between
system spectrum efficiency and the number of transmit/receive antennas in SU-
MIMO systems, concluding that spectrum efficiency grows linearly with the
number of antennas. However, in multi-user MIMO systems, since multiple
users share the same time-frequency resources to communicate with the base
station, co-channel interference (CCI) exists among users. To reduce or elimi-
nate interference between users, precoding techniques can be employed at the
base station transmitter. Precoding techniques can be divided into linear pre-
coding and non-linear precoding. In non-linear precoding, dirty paper coding
(DPC) [5] can achieve the optimal precoding scheme for system spectrum effi-
ciency, but its computational complexity is higher than that of linear precoding.
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Linear precoding schemes include Zero Forcing (ZF) precoding, regularized zero
forcing (RZF) precoding, block diagonalization (BD) precoding [8], minimum
mean square error (MMSE) precoding [9,10], and signal to leakage and noise
ratio (SLNR) precoding criterion [11].

Literature [12] analyzed the minimization of signal-to-interference-plus-noise ra-
tio for users’received signals in large-scale MU-MIMO systems and derived the
optimal expression for RZF precoding. Literature [13] derived the optimal pa-
rameter solution for RZF precoding, the optimal user number design for ZF
precoding, and the optimal power allocation problems for both RZF and ZF
when the number of antennas and users tends to infinity with a bounded ratio.
Literature [14] studied the impact of base station transmit power and antenna
number on MU-MISO system spectrum efficiency in channels with shadow fad-
ing, concluding that with fixed total base station transmit power, system spec-
trum efficiency approaches a constant value as the number of antennas increases.
However, in practical MIMO systems, channel spatial correlation and scattering
effects in the surrounding environment cause system spectrum efficiency perfor-
mance to be lower than the ideal channel analysis [15]. Literature [16] studied
the impact of spatially correlated channels on spectrum efficiency and energy
efficiency in large-scale MIMO systems under time-division duplexing (TDD)
mode, concluding that system spectrum efficiency in spatially correlated sys-
tems is lower than that in non-spatially-correlated systems. Based on the spatial
correlation of MIMO channels, literature [17] established a spatially correlated
channel model for large-scale MU-MIMO systems, assuming independent users,
and studied the impact of spatial correlation on system spectrum efficiency un-
der fixed user signal-to-noise ratio (SNR), concluding that spectrum efficiency
approaches a constant value as the number of antennas increases in spatially
correlated channels.

This paper considers the impact of precoding and power allocation on spec-
trum efficiency in large-scale MU-MISO systems under spatially correlated chan-
nels, and proposes a power allocation algorithm to maximize system spectrum
efficiency under constraints of limited system power and required signal-to-
interference ratio for users’received signals.

1 System Model and Problem Description
The block diagram of the large-scale MU-MISO system is shown in [Figure 1: see
original paper]. The system consists of a base station equipped with M antennas
and N single-antenna users. The channel is assumed to be accurately estimated,
and the signals transmitted from the base station to all users are represented as
𝑋 = ∑𝑁

𝑖=1 𝑝𝑖𝑥𝑖𝑤𝑖, where 𝑥𝑖 denotes the data symbol transmitted to user 𝑖, and
𝑝𝑖 represents the power allocated by the base station to user 𝑖. The transmit
precoding matrix at the base station is denoted as 𝑊 = [𝑤1, 𝑤2, … , 𝑤𝑁 ], where
𝑤𝑖 represents the precoding vector for the signal transmitted to user 𝑖, with 𝑤𝑖 ∈
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ℂ𝑀×1. The channel matrix can be expressed as 𝐺 = [𝑔1, 𝑔2, … , 𝑔𝑁 ], where 𝑔𝑖 =
[𝑔𝑖,1, 𝑔𝑖,2, … , 𝑔𝑖,𝑀 ]𝑇 ∈ ℂ𝑀×1 represents the channel between the base station’s
M antennas and user 𝑖. The noise matrix for all users is 𝑍 = [𝑧1, 𝑧2, … , 𝑧𝑁 ]𝑇 ,
where 𝑧𝑖 is the additive white Gaussian noise for user 𝑖. The received signal
vector for N users is 𝑌 = [𝑦1, 𝑦2, … , 𝑦𝑁 ]𝑇 , with 𝑦𝑖 being the received signal of
user 𝑖. The system received signal matrix is 𝑌 = 𝐺𝑊𝑋 + 𝑍.

Considering large-scale fading in signal propagation, the channel matrix can be
expressed as 𝐻 = 𝐷1/2𝐺, where 𝐷 = diag{𝛽1, 𝛽2, … , 𝛽𝑁} represents the large-
scale shadow fading matrix. Here, 𝛽𝑖 = 𝜑𝜀𝑖𝑑−𝛼

𝑖 denotes the path loss and shadow
fading from the base station to user 𝑖, where 𝜑 is a constant containing carrier
frequency and antenna gain, 𝛼 is the path loss exponent, 𝑑𝑖 is the distance
between the base station transmitter and user 𝑖, and 𝜀𝑖 follows a log-normal
distribution 𝜀𝑖 ∼ 10 log 𝒩(0, 𝜎2

𝑓) representing shadow fading. The matrix 𝐻 =
[ℎ1, ℎ2, … , ℎ𝑁 ]𝑇 represents the fading channel with spatial correlation from the
base station to user 𝑖, where ℎ𝑖 ∈ ℂ1×𝑀 . The received signal for user 𝑖 is
expressed as 𝑦𝑖 = 𝛽𝑖ℎ𝑖𝑤𝑖𝑝𝑖𝑥𝑖 + ∑𝑁

𝑗=1,𝑗≠𝑖 𝛽𝑖ℎ𝑖𝑤𝑗𝑝𝑗𝑥𝑗 + 𝑧𝑖.

1.1 Spatially Correlated Channel Modeling

Spatially correlated random MIMO channels are generated using the correla-
tion matrix multiplication method [18] based on independent random MIMO
channels. The correlation matrix can be expressed as 𝑅𝑖 = 𝑅𝑟,𝑖 ⊗ 𝑅𝑡,𝑖, where
𝑅𝑖 represents the spatial correlation matrix between the base station and user
𝑖, composed of the Kronecker product of the receive correlation matrix 𝑅𝑟,𝑖 and
the transmit correlation matrix 𝑅𝑡,𝑖.

In large-scale MU-MISO systems, the base station transmitter has an array of
M antennas, and the receiver consists of N single-antenna users. Assuming users
are mutually independent (no correlation between users) and scatterers exist at
the user receiver side, the channel with spatial correlation and scatterers [19] is
expressed as ℎ𝑖 = 𝑅1/2

𝑟,𝑖 ℎ𝑤,𝑖𝑅1/2
𝑡,𝑖 . Here, ℎ𝑤,𝑖 ∼ 𝒞𝒩(0, 𝐼) represents the scattering

environment at the user side and follows a complex Gaussian distribution with
zero mean and unit variance identity matrix. 𝑅𝑡,𝑖 is the transmit correlation
matrix, and 𝑅𝑟,𝑖 is the receive correlation matrix. Since users have single anten-
nas, 𝑅𝑟,𝑖 = 1, thus 𝑅𝑖 = 𝑅𝑡,𝑖. From literature [20,21], the transmit correlation
matrix can be expressed as 𝑅𝑡,𝑖 = ∫𝜃max

𝜃min
𝑎(𝜃)𝑎𝐻(𝜃)𝑓(𝜃)𝑑𝜃, where 𝑓(𝜃) represents

the power azimuth spectrum satisfying ∫𝜃max

𝜃min
𝑓(𝜃)𝑑𝜃 = 1.

Assuming the average transmit angle at user 𝑖’s transmitter is 𝜑𝑖, let 𝜃 = 𝜑𝑖 +𝛿,
where 𝛿 is the random angular deviation of the base station transmit angle
caused by scatterers. 𝛿 follows a Gaussian distribution with zero mean and
angular standard deviation 𝜎𝜑, i.e., 𝛿 ∼ 𝒩(0, 𝜎2

𝜑). 𝜃max represents the maxi-
mum transmit angle after deviation from the average transmit angle, and 𝜃min
represents the minimum transmit angle after deviation. This paper considers a
linear array at the base station transmitter, whose steering vector is expressed
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as 𝑎(𝜃) = [1, 𝑒𝑗2𝜋𝑑 sin 𝜃/𝜆, … , 𝑒𝑗2𝜋(𝑀−1)𝑑 sin 𝜃/𝜆]𝑇 , where 𝑑 is the antenna spacing
and 𝜆 is the wavelength of the downlink signal.

1.2 System Precoding

Due to co-channel interference in large-scale MU-MIMO systems, precoding
techniques can be applied at the transmitter to reduce and eliminate interference.
The SLNR precoding in literature [11] maximizes the signal-to-noise ratio of
the target user for signal preprocessing, which can effectively eliminate inter-
user interference. However, due to residual interference, system performance
cannot be significantly improved and its algorithm complexity is high. MRT
precoding is the simplest linear precoding, requiring only simple transformation
of the channel matrix with low complexity. ZF precoding is the most classical
algorithm that can effectively eliminate co-channel interference but does not
consider noise effects. RZF precoding provides a trade-off between co-channel
interference and noise effects compared to ZF precoding. This paper primarily
considers MRT and RZF precoding to reduce inter-user interference.

Based on literature [14] and the spatially correlated channel, the MRT precoding
for user 𝑖 can be expressed as 𝑤𝑀𝑅𝑇

𝑖 = ℎ𝐻
𝑖 /√𝔼{‖ℎ𝑖‖2}. Replacing MRT with

the more complex regularized zero-forcing precoding (RZF), the RZF precoding
matrix for user 𝑖 [22] is expressed as 𝑤𝑅𝑍𝐹

𝑖 = (∑𝑁
𝑗=1 ℎ𝐻

𝑗 ℎ𝑗+𝜑𝐼)−1ℎ𝐻
𝑖

√𝔼{‖(∑𝑁
𝑗=1 ℎ𝐻

𝑗 ℎ𝑗+𝜑𝐼)−1ℎ𝐻
𝑖 ‖2}

, where

𝜑 is the regularization coefficient. The signal-to-interference-plus-noise ratio
(SINR) for user 𝑖 under different precoding schemes can be derived by combining
the above expressions. The SINR for user 𝑖 with MRT precoding is:

SINR𝑀𝑅𝑇
𝑖 = 𝑝𝑖𝛽2

𝑖 |ℎ𝑖𝑤𝑖|2
∑𝑁

𝑗=1,𝑗≠𝑖 𝑝𝑗𝛽2
𝑖 |ℎ𝑖𝑤𝑗|2 + 𝜎2

The SINR for user 𝑖 with RZF precoding is:

SINR𝑅𝑍𝐹
𝑖 = 𝑝𝑖𝛽2

𝑖 |ℎ𝑖𝑤𝑖|2
∑𝑁

𝑗=1,𝑗≠𝑖 𝑝𝑗𝛽2
𝑖 |ℎ𝑖𝑤𝑗|2 + 𝜎2

The system spectrum efficiency is expressed as 𝑅 = ∑𝑁
𝑖=1 𝔼{log2(1 + SINR𝑖)}.

2 System Power Allocation Algorithm
From the system spectrum efficiency expression in equation (13), we observe that
spectrum efficiency depends on both power allocation and precoding selection.
While precoding techniques can mitigate or eliminate inter-user interference,
combining them with appropriate power allocation algorithms enables more
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efficient utilization of system spectrum efficiency. This paper investigates power
allocation under power-constrained systems with MRT or RZF precoding, where
each user must maintain a minimum signal-to-interference ratio.

The optimization objective is modeled using inequalities, establishing the fol-
lowing mathematical expression:

max
𝑝1,𝑝2,…,𝑝𝑁

𝑁
∑
𝑖=1

log2(1 + SINR𝑖)

s.t.
𝑁

∑
𝑖=1

tr(𝑃𝑖) ≤ 𝑃total

SINR𝑖 ≥ 𝜂𝑖, 𝑖 = 1, 2, … , 𝑁

where 𝑃total represents the total system transmit power and 𝜂𝑖 is the minimum
required SINR for user 𝑖 to maintain communication. By examining the system
spectrum efficiency expression (13), we can simplify the formulation. The system
spectrum efficiency can be expressed as:

𝑅 =
𝑁

∑
𝑖=1

log2(1 + SINR𝑖) ≥
𝑁

∑
𝑖=1

log2(SINR𝑖) = log2

𝑁
∏
𝑖=1

SINR𝑖

From equations (8) and (9), RZF precoding considers more factors and is more
complex than MRT precoding. For generality, let 𝑤𝑖 denote the precoding
matrix for user 𝑖 and ℎ𝑖 denote the matrix with spatial correlation and scattering
for user 𝑖. By introducing a variable 𝛾𝑖 for each user’s SINR, the SINR for user
𝑖 can be expressed as:

SINR𝑖 = 𝑝𝑖𝛽2
𝑖 |ℎ𝑖𝑤𝑖|2

∑𝑁
𝑗=1,𝑗≠𝑖 𝑝𝑗𝛽2

𝑖 |ℎ𝑖𝑤𝑗|2 + 𝜎2
≥ 𝛾𝑖

The above expression can be transformed to:

𝑝𝑖𝛽2
𝑖 |ℎ𝑖𝑤𝑖|2

𝛾𝑖
≥

𝑁
∑

𝑗=1,𝑗≠𝑖
𝑝𝑗𝛽2

𝑖 |ℎ𝑖𝑤𝑗|2 + 𝜎2

Thus, the problem of maximizing system spectrum efficiency is converted to
maximizing the product of minimum SINR values. The mathematical expression
for the optimization objective becomes:
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max
𝑝1,𝑝2,…,𝑝𝑁

𝑁
∏
𝑖=1

𝛾𝑖

s.t.
𝑁

∑
𝑖=1

𝑝𝑖 ≤ 𝑃total

𝑝𝑖𝛽2
𝑖 |ℎ𝑖𝑤𝑖|2

𝛾𝑖
≥

𝑁
∑

𝑗=1,𝑗≠𝑖
𝑝𝑗𝛽2

𝑖 |ℎ𝑖𝑤𝑗|2 + 𝜎2, 𝑖 = 1, 2, … , 𝑁

The above objective expression is a geometric programming (GP) problem. Ac-
cording to literature [23,24], this can be transformed into a convex optimization
problem. This paper solves equation (18) using convex optimization tools and
the bisection algorithm from literature [25].

The algorithm steps are as follows:

a) Initialize parameters: set the minimum introduced variable 𝛾lower = 0, set
the maximum value 𝛾upper = 𝑃total

𝜎2 min𝑖
𝛽2

𝑖 |ℎ𝑖𝑤𝑖|2
∑𝑁

𝑗=1 𝛽2
𝑖 |ℎ𝑖𝑤𝑗|2 , set the minimum

error tolerance 𝜀, and compute the next best candidate value 𝛾candidate =
𝛾upper+𝛾lower

2 .

b) Substitute 𝛾candidate into equation (18). If equation (18) is solvable, com-
pute 𝛾lower = 𝛾candidate; otherwise, compute 𝛾upper = 𝛾candidate.

c) If |𝛾upper − 𝛾lower| > 𝜀, continue iteration; otherwise, stop.

d) If |𝛾upper − 𝛾lower| < 𝜀, the optimal power allocation [𝑝opt
1 , 𝑝opt

2 , … , 𝑝opt
𝑁 ] is

obtained and iteration stops.

3 Simulation Results and Analysis
This section verifies the effectiveness of the proposed scheme through simula-
tions. In the simulations, each user has the same minimum SINR requirement
𝜂𝑖 = 𝜂. Users are randomly distributed in a cell with radius 𝑅, and the base
station’s average transmit angle is determined by the user’s location in the cell.
The transmit correlation matrix is then determined using equations (5) and (6).
This paper assumes no correlation between users, and the receive correlation
matrix is represented by an identity matrix. The system simulation parameters
are shown in .

Table 1 Simulation parameters - Log-normal shadow fading variance: 𝜎2
𝑠ℎ = 8

dB - Path loss exponent: 𝛼 = 3.8 - Noise power spectral density: 𝑁0 = −94
dBm/MHz - Power per base station antenna: 𝑝𝑡 = 100 mW - Number of base
station antennas: 𝑀 = 100 - Signal bandwidth: 𝐵 = 20 MHz - Cell radius:
𝑅 = 500 m
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[Figure 2: see original paper] simulates the effect of the number of base sta-
tion antennas on system average spectrum efficiency performance under equal
power allocation and spatially correlated channel conditions. The simulation
uses 10 and 20 users in the system. From [Figure 2: see original paper], we
can see that under the same precoding and number of users, system spectrum
efficiency increases with the number of antennas. Under a fixed number of an-
tennas, the spectrum efficiency of RZF precoding is higher than that of MRT
precoding. When the number of antennas is small, RZF precoding outperforms
ZF precoding, but as the number of antennas gradually increases, ZF precoding
performance approaches that of RZF precoding.

[Figure 3: see original paper] simulates the relationship between the random
angular deviation 𝛿 of the transmit angle and system spectrum efficiency. In
the simulation, as the random angular deviation 𝛿 gradually increases, spec-
trum efficiency decreases. Comparing the curves for MRT and RZF precoding
conditions, we observe that with the same random deviation angle and number
of users, MRT precoding achieves lower spectrum efficiency than RZF precod-
ing. Moreover, MRT precoding degrades faster than RZF precoding when the
random deviation angle is below 10∘. As the random deviation angle contin-
ues to increase, RZF precoding shows more gradual changes compared to MRT
precoding.

[Figure 4: see original paper] shows the cumulative distribution function (CDF)
of spectrum efficiency for correlated and uncorrelated channels under different
precoding schemes. Since user locations are uniformly distributed in the cell,
we statistically compare the spectrum efficiency of correlated and uncorrelated
channels. From [Figure 4: see original paper], we can see that under the same
precoding condition, the CDF of spectrum efficiency in uncorrelated channels is
better than that in correlated channels. In the same channel environment, RZF
precoding achieves better spectrum efficiency than MRT precoding.

[Figure 5: see original paper] compares the spectrum efficiency of the proposed
power allocation algorithm with equal power allocation under MRT and RZF
precoding. From [Figure 5: see original paper], we can see that compared with
equal power allocation, the proposed algorithm enables each user to achieve
higher spectrum efficiency at the same CDF value. Furthermore, under the same
power allocation, users with RZF precoding achieve better spectrum efficiency
than those with MRT precoding.

4 Conclusion
This paper investigates the spectrum efficiency of large-scale MU-MISO down-
link systems based on channels with spatial correlation and large-scale flat fad-
ing. First, a channel model with large-scale shadow fading and spatial corre-
lation is constructed. The spatially correlated channel with scatterers is estab-
lished through correlation matrices, and an expression for solving the transmit

chinarxiv.org/items/chinaxiv-201811.00143 Machine Translation

https://chinarxiv.org/items/chinaxiv-201811.00143


spatial correlation matrix is derived. Then, expressions for RZF and MRT pre-
coding are derived under the established correlated channel model. Finally,
under limited system power and the constraint that each user’s received sig-
nal must meet a certain signal-to-interference ratio, an optimization model for
power allocation is established to maximize spectrum efficiency, and a power
allocation algorithm is proposed to solve this model.

Compared with considering only ideal Rayleigh flat fading channel models, the
channel model proposed in this paper is closer to practical channel environments.
Simulation results demonstrate that in the constructed channel model, RZF pre-
coding outperforms MRT precoding in terms of spectrum efficiency. Under the
proposed channel model, the proposed scheme significantly improves spectrum
efficiency compared with equal power allocation schemes.
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