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ABSTRACT. This paper proposes a novel linear precoding algorithm suitable for coordi-
nated multi-point (CoMP) transmission system. Firstly, the channel matriz extension ef-
fectively excludes the impacts of multi-user and noise interference on the system. Besides,
the introduction of low-complexity matriz decomposition method (QR) reduces computa-
tional complexity. Finally, by applying singular value decomposition (SVD) to equivalent
channel matriz, complete precoding matriz and decoding matriz can be obtained. There-
fore, the proposed algorithm can suppress multi-user and noise interference, and can
reduce computational complexity. Simulation results show that the proposed algorithm
has certain advantages in terms of computational complexity, system capacity and bit
error rate (BER), compared with other precoding algorithms.
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1. Introduction. As a key technology in Long Term Evolution-Advanced (LTE-A) sys-
tem, coordinated multi-point (CoMP) communication technology can suppress inter-cell
interference, increase system throughput, and improve cell-edge users service quality
through mutual cooperation among several base stations [1,2].

Coordinated multi-point precoding algorithm is a typical signal preprocessing technol-
ogy at the transmitting end. When the transmitting end obtains complete channel state
information, the signal is preprocessed at the transmitting end. Therefore, the interfer-
ence caused by transmitting signal going through wireless channel can be eliminated in
advance so as to reach the purpose of ensuring communication reliability and improv-
ing system performance [3]. As the key technology of LTE-A physical layer, precoding
technology can in advance suppress interference between users or data streams at the
transmitting end, but there are a variety of defects in commonly used precoding algo-
rithms. In [4], zero-forcing (ZF) precoding algorithm is simple and intuitive, but it does
not directly consider the influence of noise, which causes the noise to be amplified. In
addition, although ZF can handle its own antenna received signal and can differentiate
data flow from multiple transmit antennas at the base station, its interference elimination
to other users is not too ideal, and multi-user interference still exists. In [5,6], the main
steps of block diagonalization (BD) precoding algorithm is to execute singular value de-
composition twice for each user. For multi-user coordinated multi-point communications
systems, its computational complexity is very high. In [7], regularized block diagonal-
ization (RBD) precoding algorithm introduces regularization factor, and takes the noise
into account, reducing the influence of noise on the system. However, like BD, RBD still
has high computational complexity. Through the above analysis, we know that ZF pre-
coding algorithm cannot effectively suppress multi-user and noise interference, and BD
and RBD precoding algorithms have extremely high computational complexity. In order
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to overcome these defects and improve system performance, this paper proposes a novel
linear precoding algorithm based on QR-SVD. The proposed precoding algorithm extends
the channel matrix to suppress multi-user and noise interference, introduces QR matrix
decomposition method to reduce computational complexity, and executes singular value
decomposition (SVD) to obtain decoding matrix. According to the above description, we
can conclude that the proposed algorithm can reduce computational complexity, improve
system capacity, reduce bit error rate, and effectively improve system performance in
theory.

The rest of this paper is organized as follows. The system model is given in Section 2.
The proposed QR-SVD precoding algorithm is described in detail in Section 3. Section
4 presents computational complexity analysis and simulation. Algorithm performance
analysis and simulation are displayed in Section 5. Finally, in Section 6, we summarize
our main works.

2. System Model. Figure 1 shows multi-user coordinated multi-point (MU-CoMP)
communication system in joint processing (JP) mode [8]. First, the transmitted data
is precoded. Then the precoded data is forwarded to the user equipment via the base sta-
tion. And finally the received signal of the user is obtained. We consider an MU-CoMP
system with N transmit antennas at the base stations and M} receive antennas at the
user equipment (UE) k, denoted as UFEj. It is assumed that there are K users in the
MU-CoMP system. W = [W, Wy, ... W] is the transmit precoding matrix, where
W, €Vxl [ data streams are transmitted to the user k. The received signal at the kth
user is given by:

Y = HeWisy, + Hy, Z Wis; +ny, (1)

itk

where y;, denotes the kth user’s received signal. H; €M+*N is the kth user’s channel

matrix. s, €% (k=1,2,...,K) is the kth user’s transmitted signal. n; is the kth
user’s additive Gaussian noise with zero mean and a,% variance.
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F1GURE 1. MU-CoMP communication system in JP mode

3. QR-SVD Precoding Algorithm. Assuming that the kth user’s QR-SVD precoding
matrix can be expressed as W gp_syp.r = Wi W32 and [;, = Mj,. We can define complement
channel matrix as the channel matrix of all users except the kth user’s. The complement
channel matrix can be expressed as:

H, = [HT,... H H],,, ... HE] MV (2)
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_ K
where M, = > M,.
i=1,ik
QR-~SVD precoding algorithm consists of the following steps.
Step 1: Firstly, we extend complement channel matrix to obtain extended channel

matrix, and its expression can be expressed as
H,, = [0, Hy] (3)

where I is the M, x Mk-dimensional~unit matrix. Thus, the dimension of Hy, is My X

(Hk + N ) The columns number of H;, is greater than the rows number, and therefore,
it meets the dimension requirements of obtaining its null-space. So this scheme is suitable
for MU-CoMP system with users having arbitrary root receive antenna. As can be seen

from expression (3), Hy, takes account of both the influence elements of causing multi-user

interference Hy, and noise o1
~H
Step 2: Then, the Hermitian transpose of extended channel matrix is described by H, .
~H
QR decomposition of H, can be expressed as

H, — Q:R, (4)

(Hk+N)X(Hk+N) Mk+N) ><M)c

where Qy € is an orthogonal matrix and Ry €< is an upper

triangular matrix.
After transforming expression (4), we can obtain expression (5), as shown below.

=T Qi Que ol 1 [ Ry
Qi Hy = [Qk,&QkA] [ﬁkH} = Re= { } (5)

where Qy,; €M Me Qpo eMiN Qpy eV Me Qpq NN, Ry €M M Ry, eNXMo,
The following is the proof of W} = Q4.

From Equation (5), we can deduce 0;,Qy 3 + Qk,4ﬁkH =0, that is
UkQ/Zg + ﬁkaHA =0 (6>

For unitary matrix, there is

Qk,:«;QkH,g + Qk,4Q£4 =1 (7)

Qi Hy, B Qly = (Hi Qi) (HiQply) = (—0uQup) (-0 Qil3) = 02 QiaQrls (8)
From Equations (7) and (8), we can get

_H_
Qi (HH, +01) Qff, = o3 (9)

According to minimum mean square error (MMSE) optimization criterion in [9], we
can get the following formula.

K 2
W, = min E {Z WL+ ”;'2’ } (10)
k=1

Referring to the appendix of [9], we can see that Qy 4 is the optimal solution to Formula
(10), that iS, Wi = Qk,4'

Step 3: After Step 2, we can define equivalent channel matrix for each user as H;" =
H;Qy. 4. Therefore, SVD decomposition of H;™ can be expressed as

quu = UkEkV;f = U2 Vi, Vk,2]H (11)

where Uy is an My x Mj-dimensional unitary matrix and ¥ is an M x N-dimensional
diagonal matrix. The dimension of Vi is N x N. Vi, eNxMk i5 composed of the first
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M), columns of Vi, and is the standard orthogonal basis of H;™ row space, so we have
W% == Vk,1~
Step 4: Finally, the kth user’s QR-SVD precoding matrix can be expressed as
Worsvpir = WiWi = QuaVi1, 1<k<K (12)
The decoding matrix for each user at the receiving end is U¥. After precoding and
channel transmission, the received signal at user k becomes:

ik (13)
ik
The above equation shows that UkHHka = 3, where ¥, is a diagonal matrix.

And this shows that user’s each stream data is respectively transmitted on a separate
sub-channel, which can eliminate the user’s internal interference. Besides, the extended
channel matrix takes account of both multi-user and noise interference. So QR-SVD
precoding scheme can effectively suppress intra-user, inter-user and noise interference at
the same time. Thus, QR-SVD precoding scheme can reduce system bit error rate.

4. Computational Complexity Analysis and Simulation.

4.1. Computational complexity analysis. This part is QR-SVD and existing RBD
scheme computational complexity analysis. The total number of floating-point operations
(flops) is used to measure the precoding algorithm computational complexity. [10,11] gave
the number of flops required by real matrix QR and SVD. The number of flops needed for
SVD of m x n-dimensional complex matrix is equivalent to that of 2m x 2n-dimensional
real matrix. Here are the numbers of flops needed to perform various operations on
complex matrix.

For an m x n (m > n)-dimensional complex matrix, its QR complexity is 16(m?*n —mn?
+n3/ 3) flops. The complexity of m x n-dimensional complex matrix multiplied by n x p-
dimensional complex matrix is 8mnp. For an m x n (m < n)-dimensional complex matrix
where only 3 and V are obtained, its SVD complexity is 32 (nm? + 2m?) flops. For an
m x n(m < n)-dimensional complex matrix where U, 3 and V are obtained, its SVD
complexity is 8 (4n?m + 8nm? + 9m?) flops [12,13].

Assuming that each user has the same number of receive antennas, denoted as My = M,
M = (K —1) M. (6,2,3,2) case indicates that the number of transmit antennas is N = 6,
the system has 2 cells, each user receive antennas number is M = 3 and the users number is
K =2.1n (6,2,3,2) case, Table 1 is RBD precoding algorithm computational complexity
and Table 2 is QR-SVD precoding algorithm complexity.

TABLE 1. In (6,2,3,2) case, RBD precoding algorithm computational complexity

Steps Operations flops (6,2,32) case
1 H, = U, V) 32K (NM2 + 2M3) 6912
2 W=V, (S +aly) K (SNY 418N + ) 3678
3 O = H, W) SKMN? 1728
J H™ = U, S, VI SK (AN2M + SNM? + 9M?) 17712

Total 30050
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TABLE 2. In (6,2,3,2) case, QR-SVD precoding algorithm computational complexity

Steps Operations flops (6,2,32) case
~H _ _ _
1 H, — QR, 16K (N?M + NI + %M?’) 5472
2 quu =HiQr4 SKMN? 1728

3 H=U,X,VH 8K (AN2M + 8NM? + 9M3) 17712

Total 24912

o 10’
—<— QR-SVD i

& BD 1 1 5 1

—&—RBD

Computational complexity/flops

The number of users, K

FIGURE 2. Various precoding algorithms computational complexity

As can be seen from Table 1 and Table 2, in (6,2, 3,2) case, QR-SVD algorithm com-
putational complexity is far less than RBD algorithm, providing a theoretical basis for
practical application.

4.2. Computational complexity simulation. This part is QR-SVD, BD and RBD
precoding algorithm computational complexity simulation result. Figure 2 shows vari-
ous precoding algorithms complexity varying with the number of users. From Figure 2,
with M and N fixed (M = 3, N = 6), BD and RBD precoding algorithms computa-
tional complexity grows relatively faster than QR-SVD algorithms with the increase of
K. The reason is that the first SVD operation of BD and RBD precoding algorithms is
implemented K times on Hj with dimension M}, x N.

The proposed QR-SVD precoding algorithm shows the lowest computational complexity
in Figure 2. The reason is that we use a less complex QR decomposition to replace the
first SVD operation in BD and RBD precoding algorithms.
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5. Algorithm Performance Analysis and Simulation.

5.1. System capacity analysis and simulation. This part is QR-SVD, ZF, BD and
RBD precoding algorithm system capacity analysis and simulation. System capacity is
calculated using the following formula.

|H, W, ||
S Hy W[ + o7
iZk

C= Zlog2 1+ (bps/HZ) (14)

The simulation is carried out in MATLAB 7.0 simulation environment. Assuming that
cell number of multi-user CoMP model is 2, per base station transmit antennas number
is 3, so the total number of transmit antennas at the base stations is 6. User number is 2,
each user’s receive antennas number is 3, so the total number of receive antennas at the
user equipments is 6. Modulation mode adopts quadrature phase shift keying (QPSK).
The channel model employs flat Rayleigh channel, and Rayleigh distribution is a zero
mean and o} variance stationary narrowband Gauss process. Simulation parameters are
shown in Table 3 [14].

Figure 3 shows various precoding algorithms system capacity performance. RBD pre-
coding algorithm illustrates almost the same system capacity performance as BD precod-
ing algorithm. However, the system capacity of ZF precoding algorithm is slightly inferior

TABLE 3. Simulation parameters

Stmulation parameters Values
Total number of transmit antennas )
Cell number 2
FEach user receive antennas number 3
Users number 2
Modulation mode QPSK
Channel mode Flat Rayleigh
35
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to the other precoding algorithms. The proposed QR-SVD precoding algorithm shows the
best system capacity performance. The reason is that QR-SVD precoding algorithm can
suppress intra-user, inter-user and noise interference at the same time.

5.2. Bit error rate analysis and simulation. This part is QR-SVD, ZF, BD and
RBD precoding algorithm bit error rate (BER) analysis and simulation. Bit error rate is
calculated using the following formula.

1 | Ey
BER=1—|1—= —
R [ 2@rfc< 2N0)

where Fj is the average bit energy, and Ny is the noise power spectral density.

The bit error rate has the same simulation settings as system capacity. Figure 4 illus-
trates various precoding algorithms bit error rate performance. The proposed QR-SVD
precoding algorithm shows the best BER performance in the range of 0~30dB. The reason
is that QR-SVD precoding algorithm can suppress intra-user, inter-user and noise interfer-
ence at the same time. However, ZF and BD precoding algorithms cannot eliminate noise
interference. And RBD precoding algorithm cannot eliminate intra-user interference.

(15)

BER
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F1GURE 4. Various algorithms BER

6. Conclusion. This paper proposes a new coordinated multi-point precoding algorithm
based on QR-SVD. The proposed algorithm extends channel matrix to suppress multi-
user and noise interference, then introduces matrix decomposition method QR, requiring
a much lower computational complexity, and finally applies SVD to equivalent channel
matrix to obtaining complete precoding matrix and decoding matrix. The proposed algo-
rithm has certain advantages over other algorithms in terms of computational complexity,
system capacity and bit error rate.

In LTE-A system, there are many CoMP precoding algorithms. This paper just de-
scribes a part of linear precoding algorithms in CoMP application. Future research could
focus on better linear and nonlinear precoding algorithms, obtaining more outstanding
performance and providing more solid theoretical basis for practical applications.
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