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Dear editor,

Large scale multiple-input multiple-output (MI-
MO) is one of key technologies for next genera-
tion mobile communication [1–4]. However, in
multiple user environments, multiple user interfer-
ence (MUI) increases with the rise of the num-
ber of users. At present, one way to eliminate the
MUI is to use precoding technology in the base
station (BS), which involves BS preprocessing of
the user signal for the downlink [5]. It is well
known that dirty paper coding (DPC) can achieve
capacity for the MIMO broadcast. But DPC is a
nonlinear scheme and for most practical commu-
nication systems it is not feasible due to its very
high computational complexity. In reality, there
are channel state information (CSI) errors due to
delays and other factors. Ref. [6] considered the
constant envelope precoding method to minimize
the MUI in a massive MIMO system. Ref. [7] pro-
posed a dual-structured multi-user linear precod-
ing, in which the subgrouping method based on
co-polarization is additionally applied to the spa-
tially grouped mobile stations in the preprocessing
stage. However, those studies assumed Rayleigh
fading, not Nakagami-m fading. For more flexi-
bility and accuracy in modelling the fading chan-

nel, massive MIMO systems have to be analyzed
and tested regarding the effect of the Nakagami-m
fading channel, as it has demonstrated that Nak-
agami often yields a good fit with measured data in
various land mobile and indoor mobile multipath
propagation (or frequency selective) environments
[8–10]. Motivated by this, the Nakagami-m fad-
ing channel is considered in this paper, assuming
that the CSI remains constant during the coher-
ence time, and the different coherence times are
orthogonal to each other in a time division duplex
mode. We analyzed the effect of CSI estimation
errors on the system performance, using the mini-
mum mean square error (MMSE) criterion for the
precoding matrix in a closed-form solution, and in
the process we solved leakage equivalent interfer-
ence to avoid using an iterative solution.

Methodology.Consider the single-cell scenario,
where there are K users. The BS has N(N > 100)
antennas, and the k-th user is equipped with Mk

antennas. M =
∑K

k=1 Mk is defined as the total
number of antennas among all users. The chan-
nel from the BS to the user is assumed to be the
Nakagami-m fading channel model. The CSI re-
mains unchanged within the same coherence time,
and users are distributed with the same power.
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The precoding matrix W ∈ CN×M is defined for
all users, and different precoding schemes have dif-
ferent precoding matrices. sk ∈ C

Mk×Lk is the
k-th user’s data and Lk is the length of the sig-
nal vector. The actual channel matrix of the k-th
user is defined as H k ∈ CMk×N , and each of its
elements is subject to a Nakagami-m distribution.
The probability density function is given by [8]

f(x) =
2x2m−1

Γ(m)

(m

Ω

)m

e−
mx

2

Ω , (1)

where m is the Nakagami fading index, which re-
flects the fading situation, and m > 0.5 under nor-
mal circumstances. Delays and other factors re-
sult in a CSI estimation error at the BS. From [8],
it is assumed that the BS estimates the channel
matrix for the k -th user as

Ĥ k = H k +Ek, (2)

where Ĥ k and H k are the estimated and actual
channel matrices of the k -th user respectively, Ek

is the channel estimation error that is dependent
on H k , and its component has an independently
and identically distributed complex Gaussian dis-
tribution with zero mean and a variance of σ2

ε . In
the presence of channel estimation errors it will
affect the precoding matrix design. During the
transmission from the BS to the user, the actual
channel is different from the estimation’s, so in ad-
dition to interference between users, there is inter-
ference caused by the estimation error. The signal
from the k -th user is given by

yk = βH kW ksk +

K
∑

i=1,i6=k

βH kW isi + nk, (3)

where W k ∈ CN×Mk is the k -th user’s precoding
matrix designed by the estimation channel matrix,
and the noise vector at the user is defined as nk ,
which have identically Gaussian distribution with
zero mean and a variance of σ2

n. It is assumed
that the signal vectors of different users are in-
dependent of each other. β is the power factor,
which meets E{‖ βW ksk ‖2} = Pk and Pk is the
k -th user’s transmit power, where ‖ • ‖ represents
the Frobenius norm. We design the precoding ma-
trix by minimizing the mean square error criterion
when a channel estimation error exists at the BS,
and signal leakage is used to replace the interface
between users [10]. We can then obtain a precod-
ing matrix of the closed-form solution through a
noniterative method. From (3), the cost function
of the precoding matrix is

min
Wk

E{‖ β−1yk − sk ‖2}, s.t. β2 ‖ Wk ‖2= Pk. (4)

The key to obtain the precoding matrix is to solve
(4). Defining Φ = E{‖ β−1yk − sk ‖2}. From (3),

we can get:

Φ = E
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In (5), we know that
∑K

i=1,i6=k H kW isi is the in-
terference between other users and the k -th user,
and the formula contains K precoding matrix vari-
ables. For convenience in solving the equation, we
may use the signal leakage to replace the interfer-
ence between users. The received signal matrix
can be gotten by all the users:

HWs =









H 1W 1 · · · H 1W K

...
. . .

...

HKW 1 · · · HKW K
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. (6)

If we can eliminate the interference between users,
the signal coefficient matrix is a diagonal matrix in
(6), and the nondiagonal elements are 0. In addi-

tion,
∑K

i=1,i6=k H kW isi corresponds to each line’s
element in the signal coefficient matrix in addition
to the k -th user; eliminating it means eliminating
interference from the line vector angle, and ulti-
mately makes the coefficient matrix for the diago-
nal matrix. To make

∑K

i=1,i6=k H kW isi not con-
tain K precoding matrix variables, we eliminate
interference from the angle of the column vector
to get the diagonal’s coefficient matrix. Then (5)
can be rewritten as

Φ=E
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From (4), we can get β2 = Pk

‖W k‖2 . Defining

H−k =
∑K

i=1,i6=k H i, E−k =
∑K

i=1,i6=k E i. Then
the right side of (7) is expressed as

tr
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In order to get W k, W k is assumed to be depen-
dent on W

H
k [7]. We define

f(W k) = W
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From (2), we can obtain:

H k = Ĥ k −Ek. (10)
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Figure 1 BER Comparison of different pre-coding algorithms.

Substituting (10) into (9) and letting the first or-
der derivatives of f(W k) on W k equal zero, the
k -th user’s precoding matrix is

W k =

[

K
∑

i=1

(

Ĥ
H

i Ĥ i +E
H
i E i

)

+
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2
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]−1

×
(

Ĥ k −Ek

)H

. (11)

Eq. (11) shows that the precoding matrix is re-
lated to channel estimation error, power, and the
number of receiving antennas. The algorithm does
not have the process of singular decomposition, so
it is simpler than BD’s. We verify the performance
of the proposed algorithm by simulation and com-
pare with zero forcing (ZF), regularised zero forc-
ing (RZF), and block diagonal (BD) precoding al-
gorithms, when the BS has a channel estimation
error. It is assumed that there are K = 50 users.
Each user is equipped with 2 antennas, σ2

n = 1
and σ2

ε = 0.02. m = 0.75, Ω = 1, and the bit
error ratio (BER) is calculated based on quadrate
phase shift keying (QPSK) modulation. Figure 1
shows the BER comparison among the different
algorithms, where N = 100. It can be seen from
the figure that the proposed algorithm performs
well compared with the other three algorithms,
and the performance gap increases with increas-
ing the SNR when there are channel estimation
errors at the BS, which compensate for the impact
of channel estimation errors on the system perfor-
mance.

Conclusion.In this letter, aiming at the problem
of non-ideal Nakagami-m fading channels, we ob-
tained a closed-form solution to the precoding ma-
trix by minimizing the mean square error criterion

and substituting signal leakage for user interfer-
ence.
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