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Abstract: Pilot contamination can spoil the accuracy of channel
estimation and then has become one of the key problems influ-
encing the performance of massive multiple input multiple out-
put (MIMO) systems. This paper proposes a method based on
cell classification and users grouping to mitigate the pilot con-
tamination in multi-cell massive MIMO systems and improve the
spectral efficiency. The pilots of the terminals are allocated one-
bit orthogonal identifier to diminish the cell categories by the ope-
ration of exclusive OR (XOR). At the same time, the users are di-
vided into edge user groups and central user groups according
to the large-scale fading coefficients by the clustering algorithm,
and different pilot sequences are assigned to different groups.
The simulation results show that the proposed method can ef-
fectively improve the spectral efficiency of multi-cell massive
MIMO systems.
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1. Introduction

The feature of massive multiple input multiple output
(MIMO) is that the base station (BS) has many antennas
(tens or even hundreds) [1,2]. As the key technology of
the 5th generation (5G) wireless communication system
[3—5], massive MIMO has many advantages such as high
transmission rate, energy efficiency and spectral effici-
ency compared with the traditional MIMO technology
[6—9]. Its advantages rely mostly on the accuracy of chan-
nel state information (CSI). At present, the massive MIMO
system generally uses pilots for channel estimation. A pi-
lot sequence is inserted in the transmitting data, and the
receiver performs channel estimation by using the re-
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ceived pilot symbols. Ideally, the massive MIMO system
assigns each user a mutually orthogonal pilot sequence.
When the coherence time is short, the length of the pilot
sequence and the size of the pilot set are often limited. If
the same pilot sequence is assigned to different users, it
induces the estimation error of CSI, which is the problem
of pilot contamination [10,11]. The influence of pilot
contamination on system performance in multi-cell mas-
sive MIMO systems was studied in [12,13]. The research
shows that the pilot contamination not only seriously
affects the accuracy of the CSI, but also has a great influ-
ence on the downlink precoding of the system. Therefore,
different pilot allocation strategies have been proposed to
come up with the pilot contamination without increasing
the transmit power and without changing the pilot struc-
ture. It is also an effective way to improve the spectral ef-
ficiency of the massive MIMO system. At present, pilot
scheduling schemes include time-shifted pilots, superim-
posed pilot (SP), power control and users grouping.

The method of time-shifting pilots is to rearrange the
transmission order of the uplink pilots of different cells in
the frame structure [14,15]. The zero-forcing (ZF) pre-
coding algorithm and the time-shifted pilots method were
used to mitigate pilot contamination in [16]. Only one
cell transmits pilots while the rest cells transmit data.
However, when the users within different cells are very
close, both data and pilots transmitted at the same time
may cause interference and time synchronization is re-
quired. In [17], a partial-time-shifted pilot scheme was
proposed. The scheme finds a better tradeoff between the
users accommodation and orthogonality of pilots. How-
ever, it has stronger interference.

In the SP method, the pilots are periodically superim-
posed and transmitted on the data information in differ-
ent time slots [18—20]. In [21], a time-multiplexed pilot
sequence is combined with SP to mitigate pilot contamina-
tion. The interference caused by transmitting the pilot to-
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gether with the data will be greatly reduced. In [22], us-
ing the theory of structured compressive sensing (CS), the
structured subspace pursuit (SSP) algorithm was pro-
posed with low pilot overhead.

The power control method is that different user groups
transmit pilots with controlled power in their time slots
[23,24]. A single-cell pilot power allocation method was
proposed in [25]. This method allocates the pilot power
of each user to maximize the sum-rate of downlink under
the condition of total pilot power constraints. In [26], the
problem of pilot and data power allocation in multi-cell
massive MIMO systems was studied, and a joint alloca-
tion scheme of pilot and data power was proposed. The
total transmit power of the system is reduced based on the
signal-to-interference-plus-noise-ratio (SINR) require-
ments and power constraints of each user. The method
proposed in [27] defined the relative channel estimation
error (RCEE) metric and used the expected value of RCEE
to improve the minimum uplink achievable rate. In [28,
29], the cells were separated into two groups while the pi-
lot training phase was divided into two segments. Each
group occupies one segment of pilot time slot, but the pi-
lot contamination from all neighboring cells cannot be
completely eliminated. The length of the time slot occu-
pied by the pilot is twice as much as the conventional
method. In [30], the cells were classified into three cate-
gories. The cells of each category are assigned orthogo-
nal cell identification, which are added to the beginning
ofthe pilot sequence. This method eliminates pilot contami-
nation at the expense of the triple length of pilot time slot
in the conventional method.

The method of users grouping (UG) is to allocate dif-
ferent pilots among user groups classified with different
criteria to lower the pilot contamination [31—33]. The tra-
ditional UG method uses the distance between users and
the BS. Fang et al. [34] used the interference strength
between BS in the target cell and the users of the interfer-
ing cells to classify the interfering cell into two categor-
ies. The first type performs optimal allocation of pilots,
and the second type randomly allocates pilots. This meth-
od effectively improves the downlink sum-rate of the sys-
tem, but the pilot contamination generated by the second
type of cell is still relatively large. In [35], users were di-
vided into edge user groups and central user groups by us-
ing large-scale fading coefficients. The central users mul-
tiplex the same pilots, while the edge users with poor chan-
nel quality use orthogonal pilots. This method reduces pi-
lot contamination of edge users and improves the sum-
rate of the system with longer length of pilot time slot.

This paper proposes a method based on orthogonal cell
identification and UG to reduce pilot contamination in the
massive MIMO system. In the hexagonal cellular net-

work structure, the cells are divided into two categories.
Users in the cells are divided into two groups: central
group and edge group. One-bit orthogonal cell identifica-
tion is added to the beginning of the pilot sequence. The
central group multiplexes the same pilots and the edge
group is assigned orthogonal pilots. The contribution of
the paper lies in the following:

(i) One-bit orthogonal identifier ahead the pilot se-
quence marks the cells into two categories. Combining
one-bit orthogonal identifier with the UG can reduce the
length of the pilot and then improve the spectral effi-
ciency of the system.

(i) We propose a new UG method based on the Euc-
lidean distances of the large-scale fading coefficient
which considers the space information in each category,
the users are grouped by using the cluster algorithm.

The numerical simulation results show that the pro-
posed method can effectively reduce inter-cell pilot con-
tamination in multi-cell systems and improve the spectral
efficiency.

The rest of the paper is organized as follows. In Sec-
tion 2, we review the multi-cell massive MIMO system
model and the influence of pilot contamination on the
system. The proposed method, namely the pilot alloca-
tion method based on one-bit orthogonal identifier and
UG, is discussed in Section 3. The simulation results are
shown in Section 4. Section 5 concludes the paper.

2. System model

Fig. 1 shows a multi-cell massive MIMO system model.
There are L hexagonal cells in the cellular network, and
each cell includes one BS equipped with M antennas,
serving K (M > K) single antenna users. In order to fa-
cilitate the analysis of the problem, the target cell is sur-
rounded by six neighbor cells. We assume that the sys-
tem uses the time division duplex (TDD) mode. Based on
the channel reciprocity criterion, the channel information
can be estimated according to the uplink pilot transmitted
by the user. The ZF precoding is used at the BS.

Fig. 1 Multi-cell massive MIMO system model
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The channel quality is determined by the small-scale
fading coefficient and the large-scale fading coefficient.
H,; € C*¥ is the channel matrix between all users in the
jth (1<j< L) cell and the BS of the /th cell:

H;=G,;+\D,, (1)
guji .- &Qujk

G=| * T | 2)
8imji 8IMjK

All elements of G;; € C¥* are independent identical
distribution (i.i.d). gy, is the small-scale fading coeffi-
cient between the kth user in the jth cell and the mth an-
tenna of the /th BS. We assume that the large-scale fad-
ing coefficients of a user to all antennas of the BS are the
same because the distance between the antenna array is
negligible compared with the distance between the users
and the BS [36]. D;; € C¥*¥ is a diagonal matrix. The ele-
ments of Dy; = [B;,B,2,-+ ,Bux] are the large-scale fad-
ing coefficient between the kth user in the jth cell and the
/th BS:

Zijk
(V ljk/ R)K
where k (« > 2) is the path loss index, R is the radius of
the cell, r;; is the distance between the kth user in the
jth cell and the /th BS, and z;; represents the shadow fad-
ing and possesses a lognormal distribution 101g(z;;) ~
CN (0, 0 gnagow) -

B = 3)

2.1 Channel estimation

For the unlink of the massive MIMO system, it is as-
sumed that the pilot sequence transmitted by all users in
the jth cell is @; = [0,,0,,---,0,x]", while the pilot length
7> K and @;¢" = I. The training information received
by the BS of the /th cell is

L
Y, = \p,7 ) Hyp;+ N 4)
J=1

where p, is the pilot transmit power, and N, is the addit-
ive white Gaussian noise in the /th cell. With the least
square (LS) channel estimation, the estimation of CSI of
the BS in the /th cell to the users in the jth cell is shown as

N 1
H=—=—Y,"=
i \/_T P;

P

1 L
‘\/p_T [Z HI/ VpI’T¢./ + N/J ¢}—I =
P Jj=1

L

1
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It can be known from the second term of (5) that the
received signal is influenced by the same pilot of other
cells. hy, is the kth column of H, € C**X which follows

the distribution of CN ~ (0,4, i 1,), where

L
ln = Z,Bljkojkal};: + (6)

j=1 pPT

The mean square error (MSE) per antenna of the LS
estimation is

mLkS = %E [(hllk - i’llk) (hllk - ﬁzzk)H] =i — Bu (7

where hy, is the kth column of H;. We define the error
matrix as AH, = H,—H,, Ahy is the kth column of

2.2 Downlink data transmission

For the downlink of the multi-cell massive MIMO sys-
tem in the TDD mode, the received signal y, of the kth
user in the /th cell can be expressed as

L K
Yik = \/lTsZ Z h,T-lijann + Ny ®)

j=1 n=1

where p; is the BS transmit power, and x;, is the data
sent by the jth BS to the nth user in the cell. W; is precod-
ing matrix of the jth cell, and w;, is the nth column of
W, e CM*<K,

In the downlink of the multi-cell massive MIMO sys-
tem, we use ZF precoding to improve the anti-interfer-
ence ability. The precoding matrix of the /th cell is
W, = ﬁ;(ﬁ;ﬂ;)“, and tr(WW)=K. w,, is the nth
column of W,. The received signal y, of the kth user in
the Ith cell can be expressed as

L K
T
Yik = ‘Vpsz Z hj[kwjnxjn +ny =

j=1 n=1

K L K

I T T
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n=1

Jj#l n=1
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where the first item is the expected signal, and the other
items represent inter-cell interference, channel estimation
error, intra-cell interference and Gaussian white noise. xy
is the data of the /th BS sent to the kth user. p, is the BS
transmission power. wy is the kth column of W,. w, is
the nth column of W;. We assume it,,,-w,k =6,;,. Then
0w = 0 when k # i. Therefore, the SINR of the kth user in
the /th cell is

SINR = ] . (10)
% Z |ARL W[+ ZZ [ ow |
s n=1 Jj#l n=1
When M — oo, (10) can be expressed as
AT 2
SINR, — — |h”kw”‘| Coan
Z|Ah,,kw,n +Zz|hﬂkw”
n=1 Jj#l n=1

The spectral efficiency of the kth user in the /th cell is
T -
R]k = _E{logz(l +SINle)}. (12)

Since log,(1 + SINR,) is a convex function, according
to Jensen’s inequality, the lower bound of the spectral ef-
ficiency of the kth user in the /th cell is

R[k >

—Tlog, (1 +E(SINR,)}. (13)

We substitute (11) into (13), the spectral efficiency of
the /th cell can be expressed as

A 2
T
|h11kwlkl

ZI(:log2 L+E| —
=1

! J
' Z|Ah lkw/n| +ZZ|h lkwm

Jj#l n=1 (14)

It can be seen from (12)—(14) that when the number of
antennas approaches infinity, the spectral efficiency is re-
lated to the precoding matrix and the channel estimate.
Since the precoding matrix is determined by the channel
estimation, we can improve the accuracy of precoding by
reducing the channel estimation error. From (5)—(7), the
result of channel estimation is related to the large-scale
fading coefficient and the pilots when the LS method is
used. Therefore, when the large-scale fading coefficient is
determined, the spectral efficiency of the system can be
improved by designing the pilot allocation method.

3. Pilot allocation method based on UG and
one-bit orthogonal identifier

3.1 UG based on clustering algorithm

To reduce the pilot contamination, we group users of
each cell into center users and edge users using the clus-
tering algorithm which is based on large-scale fading
coefficients of users. Here the Euclidean distances of
large-scale fading coefficients are used to measure the
space information between users and BS. The center
users and the edge users are expressed as K. and K, 1
spectively. The channel quality between the kth user and
the jth BS as the square of the large-scale fading coeffi-
cient is

sikl = [BB B (15)

The Euclidean distances can be expressed as

D (sl + [ (s (16)

mekK, nekj,

Si=[sji 8.

The UG algorithm based on clustering can be de-
scribed as follows:

Step 1 Preprocess the channel quality. If some chan-
nel quality s is greater than the predetermined threshold
1, this user is directly added to the central group K., and
its channel quality is removed from S;.

Step 2 Randomly select two values s, and s, from S;
as the center of each group.

Step 3 Compute the Euclidean distances between
each elements of S; and the two centers. Divide each user
in S; into two groups according to whether it is close to
S, O §,.

Step 4 Update the center of two new groups s. and
s, according to the mean of each group.

Step 5 Repeat Step 3 and Step 4 until the users in all
groups no longer change, or (16) does not change signi-
ficantly.

Step 6 Repeat Step 1 to Step 5 until all cells com-
plete the users grouping.

Algorithm 1 UG based on the clustering algorithm

I. Input: 8,,(j=1,2,---,L;k=1,2,---,K)

2. Output: K., K;.( j=1,2,---,L)
3.forj=1: L

4. Calculate S ;=[s;;, 55, ,5;x] by (15)
5. fork=1:K

6 ifsp>u

7. ke K,

8 S =Sl sjx

9 end if

10. end for

11.  Randomly select two elements in S ;, defined as
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s, and s,

12.  Calculate the Euclidean distance between the
elements in S ; and two centers. Divide users into K. and
K.

13.  Recalculate the center of each category s. and
Se.

14.  Repeat Step 11 and Step 12 until K. and K, no
longer change or (16) does not change significantly.

15. Return K, K,

16. end for

Because of the division of users in each cell, the pilot
sequences are divided into two groups P, and P, as well.
The edge users of cells use the mutually orthogonal pilot
sequence of group P,, and the central users of cells share
the pilot sequences P, to reduce the extra pilot overhead.

After the users are grouped, the pilot length 7’ is

T,:max{al,CIZ,"',aL}+(b1+b2+"'+bL) (17)

where a,,a,,---,a; is the number of users in the center
group of each cell, and b,,b,,---,b; is the number of
users in the edge group.

3.2 Cell classification method based on one-bit
orthogonal identifier

We assume that there are seven cells in the massive
MIMO system, and each cell has K users. The middle cell
is the target cell. To further reduce the pilot contamina-
tion, all cells are classified into two categories, L, (yel-
low cells) and L, (blue cells). The pilot length of each
user is 7, and one-bit orthogonal cell identifications
A=[0,11(i=1,---,L) are allocated to each cell. As
shown in Fig. 2, L, is assigned 1, and L, is 0.

Fig. 2 One-bit orthogonal cell identifications allocated to two cell
classifications

The orthogonal identification is added to the begin-
ning of the pilot sequence. In Fig. 3, the one-bit orthogo-
nal identifier is added to the head of the pilot sequence in
the same cell category.

Pillot thte

One-bit orthogonal identifier

Fig. 3  Assignment of pilot in a time slot based on one-bit ortho-
gonal identifier

When the BS receives the uplink pilot of users, the one
bit of the head of each pilot sequence is taken out to be B.
Then perform an exclusive OR (XOR) operation between
B and the one-bit identification A;, which can be shown
as

{ 0
BeA; = . (18)
1

If the result of (18) is 0, it indicates that the pilot re-
ceived by the BS is from the same category of cell. Then
the pilot is sent to the BS processor that performs down-
link channel estimation and data precoding according to
the received pilot. If the result is 1, it will consider the
corresponding pilot from the other category, so the cor-
responding pilot signal is filtered out. In this way, the pi-
lot contamination of the blue cells is eliminated, so the
target cell is only contaminated by pilots of two neighbor-
ing cells.

Therefore, our proposed method makes UG based on
the clustering algorithm and the cell classification method
based on the one-bit orthogonal identifier. It can be de-
scribed as follows:

Step 1 Use the method in Subsection 3.2 to classify
cells and assign the one-bit orthogonal identifier to users
in each cell.

Step 2 Use the method in Subsection 3.1 to group
users in each cell to obtain the center user groups K. and
edge user groups K.

Step 3  Assign pilot sequences P, and P, to K, and
K., respectively.

Step 4 Add the pre-assigned one-bit orthogonal iden-
tifier to the beginning of the pilot sequence of users for
each cell.

In our proposed method, the pilots of the target cell are
only contaminated by the pilots of users in the edge user
group of two yellow neighboring cells, and the length of
the pilot sequence 7 can be expressed as

TZIEELIIX{Q,-}+;bi+1 (19)
where a; is the number of central users in the ith cell, and
b; is the number of edge users in the ith cell.

The spectral efficiency of the /th cell of the proposed
method can be expressed as
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T- (Igﬁf{a,.} + gb, + 1) .
R= - : Z log, {1+E(SINR)}.
k=1
(20)

The MSE per antenna of the LS estimation can be ex-
pressed as

1
Zﬁljkﬂjk,al}kl +— =B, k€K
PyT

JEL

2]

me=y "
) ke Kle
ppT
where k; is the kth user in the jth cell. When k; € K,
0;,0; =0.

3.3 Computational complexity analysis

In our proposed methods, the computational complexity
is mainly made by three stages. The first stage is to di-
rectly list the users whose large-scale fading coefficient is
larger than the preset threshold in the center group, and
the complexity is O(K). The second stage is to classify
the remaining users by using the clustering algorithm.
The complexity is O (nKt;), where n is the number of cate-
gories (n=2), K; is the number of remaining users after
the first stage for the ith cell, #; is the number of itera-
tions. The complexity of the second stage can also be ex-
pressed as O (K;t;). The third stage is that the base station
takes out one bit of the head of each pilot sequence for
XOR operation and the complexity is O (K).

As for the UG method in [35], it needs two stages: the
first stage is to calculate the mean of the maximum and
the minimum of the square of the large-scale fading coef-
ficient from the users to the base station in each cell, and
its complexity is O (K); the second stage is to group users
according to the mean, and the complexity is O (K).

It can be seen from the analysis that the second stage
makes the computational complexity of the proposed
method slightly higher than the UG method in [35]. The
additional complexity is in proportion to the number of
users in each cell and the iteration number of the cluster-
ing algorithm. From our experiment observation, the iter-
ation number of the clustering algorithm is between 2 to
10, but it can dynamically classify users according to
large-scale fading coefficients and obtain better results of
UG.

4. Simulation results

In this section, we will study the performance of the pro-
posed scheme through Monte Carlo simulation. The sys-
tem parameters are given in Table 1.

Table 1 Basic parameters of system simulation

Parameter Value
Number of cells L 7
Cell radius R/m 500
Number of BS antennas M 16-256
Number of users in each cell K 10—40
Path loss « 3.8
Signal-to-noise ratio (SNR)/dB 0-20
Log normal shadowing fading o-hadow/dB 8

Fig. 4 shows the spectral efficiency of the target cell
which changes with the predetermined threshold u under
diffident simulation parameters. The users are grouped
based on the clustering algorithm. It is shown that the
spectral efficiency (SE) first increases with u and then
decreases after it reaches the peak, and finally ap-
proaches a fixed value. It is known that the number of pre-
selected central users decreases with u. If u is too small,
more users are included into the pre-selected central users
and some of them may be users with poor channel qua-
lity. When u is large, some users with high channel qua-
lity may be not selected. Both cases can affect the cluster-
ing result. The SE reaches the maximum with g ranging
from 0.35 to 0.5 and trends to constant after u=0.7.
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Fig. 4 Predetermined threshold u on the spectral efficiency of the
target cell

Fig. 5 shows the achievable sum-rate of the target cell
of our proposed method (cell classification and UG based
on the clustering algorithm), the UG method in [35], the
method without pilot contamination (the users in all cells
use orthogonal pilot sequences) and the traditional me-
thod (each cell multiplexes the same pilot sequences)
when the numbers of users K increases. The number of
antennas is 128. The SNR is 10 dB. The predetermined thre-
shold u is 0.35. As the number of users increases, the
achievable sum-rate of the four methods tends to in-
crease. The proposed method and the UG method are
close to the method without pilot contamination. The pro-
posed method has a little better performance than the UG
method, which indicates that these sum-rates of the two
methods are similar.

Fig. 6 shows the SE of the target cell of our proposed
method, the UG method in [35], the method without pilot
contamination and the traditional method when the num-
ber of users K increases. The number of antennas is 128.
The SNR is 10 dB. The predetermined threshold u is
0.35. It is shown that the SE of the four methods in-
creases with the number of users. The SE of these four
methods is similar when the number of users is small. As
the number of users increases, the advantages of the pro-
posed method will be more obvious. It is known that the

pilot length will increase with the number of users. The
time slot of the UG method is max{aY%,a}%,--- a7} +
(BYS +bYC +-- -+ b)), where a}®,a}%,---,al5 is the num-
ber of users in each center group, and bV, bYC, .. bYC is
the number of users in the each edge group by this method.
The time slot of the method without pilot contamination
is 7K and the SE of this method is the least. From (18),
the proposed method reduces the time slot occupied by

transmitting pilots, then improves the SE.
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[
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393
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T

Achievable sum-rate/(bit/s)
W
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T

=]
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K
—p—: The proposed method;
—+—: Traditional method;
s—: UG method in [35];
: Without pilot contamination.
Fig. 5 Influence of the number of users K on the achievable sum-

rate of the target cell
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: Without pilot contamination.

SE/(bit/s/Hz)

Fig. 6 Influence of the number of users K on SE of the target cell

Fig. 7 shows the spectral efficiency of the target cell of
our proposed method, the UG method in [35], the method
without pilot contamination and the traditional method
when the SNR increases. The number of antennas is 128.
The number of users in each cell is 15. The predeter-
mined threshold y is 0.35. It can be seen in Fig. 7, the SE
of the four methods increases with the SNR. The SE of
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our proposed method is better than that of the other three
methods. The SE of the UG method is similar to the
method without pilot contamination. The traditional me-
thod has the lowest SE with a high SNR.
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35 8
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SE/(bit/s/Hz)

0 5 10 15 20 25 30
SNR/dB
—>—: The proposed method;
- : Traditional method;
: UG method in [35];
: Without pilot contamination.

|
S o 4+

Fig. 7 Influence of SNR on SE of the target cell

Fig. 8 shows the SE of the target cell of our proposed
method, the UG method in [35], the method without pilot
contamination and the traditional method when the anten-
nas number increases. The SNR is 5 dB. The number of
users in each cell is 15. The predetermined threshold u is
0.35. The SE of four methods increases with the number
of antennas from 16 to 256. The proposed method is bet-
ter than the other three methods. Compared with the UG
method, the SE of the proposed method is improved by
4 bit/s/Hz when M=256.

22
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N B OV

16 32 64 128 256
Number of BS antennas M

—p— : The proposed method;
—+— : Traditional method;
»— : UG method in [35];
: Without pilot contamination.

Fig. 8 Influence of the number of antennas on SE of the target cell

From the results of sum-rate and SE, the advantages of
the proposed method are more obvious.

5. Conclusions

This paper proposes a method based on the one-bit ortho-
gonal identifier and UG to mitigate pilot contamination in
multi-cell massive MIMO systems while improving the
SE. The pilots between different categories of cells classi-
fied by the one-bit orthogonal identifier are filtered out.
At the same time, users of each cell are grouped accord-
ing to the large-scale fading coefficient to reduce pilot
contamination between cells of the same category. The
simulation results show that the proposed method can ef-
fectively improve the SE of multi-cell massive MIMO
systems.
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