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Abstract

Pilot allocation is one of the effective means to reduce pilot pollution in massive multiple-input
multiple-output (MIMO) systems. The goal of this paper is to improve the uplink achievable sum
rates of strong users, and ensure the quality of service ( QoS) requirements of weak users at the
same time, so that the sum rates of system can be improved. Combining with the technical advantage
of pilot grouping, a low complexity pilot allocation scheme based on matching algorithm is proposed,
which divides the users in the target cell into weak user group and strong user group, and adopts the
minimum-maximum matching method to allocate pilots in weak user group. Through the introduction
of Hungarian algorithm, a pilot allocation method is designed to ensure the fairness of the strong us-
ers. The simulation results show that, compared with the smart pilot allocation scheme, the pilot al-
location scheme based on Hungarian algorithm, the pilot allocation scheme based on user grouping
and the random pilot allocation scheme, the system performance of the proposed scheme has been ef-

fectively improved.

Key words: the sum rates of system, pilot allocation, user grouping, matching algorithm, low

complexity

0 Introduction

Massive multiple-input multiple-output ( MIMO )
technology has been recently become a hot topic of

. . . [1,2]
wireless communication .

In massive MIMO sys-
tem, each base station ( BS) is equipped with a large
number of antennas, which are usually much larger
than the number of active users”’’. The feedback
amount of channel state information ( CSI) is increased
by increasing the number of antennas, and the time re-
quired for feedback is much larger than the channel co-
herence time. The present large-scale MIMO system is
mainly working on time division duplex (TDD) mode,
so the base station obtains the uplink CSI according to
the channel estimation of the user’ s uplink pilot, and
can obtain the downlink CSI according to the reciproci-
ty of time division duplex. Because the number of or-
thogonal pilots provided by the system is limited, the
same pilot sequence is usually reused in adjacent cells,
which is called pilot pollution ( pilot contamination,
Py,

pollution exists, with the increase of the number of

The research results show that, when pilot

base station antennas, the incoherent interference such

as noise can be gradually eliminated, and the capacity
of the system will not continue to increase when the ca-
pacity of the system increases to a certain extent. The
user coherent interference caused by pilot pollution has
become the main bottleneck limiting the performance of
massive MIMO system">'. Therefore, it is of great sig-
nificance to study how to reduce pilot pollution in mas-
sive MIMO system.

In recent years, the pilot pollution problem has
been investigated widely. Among them, the pilot allo-
cation scheme, which is one of the key solutions, has
made some progress. A pilot allocation scheme based
on alliance game was proposed in Ref. [ 6], which can
effectively mitigate the pilot pollution of the system,
but also brings high computational complexity. The pi-
lot allocation scheme based on user geographic location
information mitigates pilot pollution effectively'”’, but
it requires complex and accurate detection of the arrival
angle of user signal. Ref.[8] proposed a smart pilot
allocation scheme based on the minimum-maximum
matching principle. The scheme maximizes the SINR of
edge users by assigning pilots with lower inter-cell in-
terference to users with poor channel quality in the
cell, but the system capacity has not been significantly
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improved due to the limitations of the algorithm. The
principal finding of Ref. [9] is that, a scheme which
is based on complex downlink and uplink training pro-
cedures can mitigate pilot pollution. Combining the
number of pilots and users, a traditional Hungarian al-
gorithm pilot allocation scheme was proposed in
Ref. [10]. The Hungarian algorithm is used to allocate
the pilot sequences, which improves the user sum rates
and reduces the mean square error. Ref. [ 11] proposed
a pilot allocation scheme based on weighted graph colo-
ring to mitigate pilot pollution in multi-cell system. In
Ref. [12], combining with the current discrete Fourier
transform filter channel estimation technique, a pilot
allocation algorithm based on vertex graph coloring was
proposed to mitigate inter-cell interference. A novel
pilot allocation scheme optimizes uplink performance
using the maximum-minimum fairness problem to miti-
1A smart
strategy of maximizing the average receive power is

gate pilot pollution in multi-cell system

adopted to delete spurious solutions and preserve the
true optimal solution by linear searching over a set of
limited finite candidate directions, and it achieves the
hybrid CRLB with low complexity in Ref. [14].
Ref. [15] proposed a heuristic algorithm to mitigate
the influence of pilot pollution by optimizing the pilot
allocation of shared resources between base stations.
An approximate optimal solution algorithm was pro-
posed, and the scheme combines the harmonic SINR
effect function to mitigate pilot pollution and improve
system performance in Ref. [16]. Ref. [ 17 ] mitigates
pilot pollution by learning more about the relationship
between pilot allocation and users. However, the above
scheme ignores the difference in anti-interference abili-
ty between users, and the pilots are allocated to users
in the cell in the same manner. A pilot allocation
scheme based on user grouping was proposed in
Ref. [ 18], the users are grouped according to the
difference of the anti-interference ability of the target
cell users and it distributes the pilots in different ways.
It verifies the relationship between pilot frequency and
pilot pollution and guarantees the fairness of weak us-
ers, but the system performance is not significantly im-
proved. Motivated by Ref. [19], we wonder whether
the users can be grouped and use different matching
scheme to assign pilots.

This paper proposes a grouping pilot allocation
scheme with matching algorithm, which is designed
based on the difference among the anti-interference
ability of different users, combined with the efficient
and simple advantages of the Hungarian algorithm in
calculating the maximum matching value problem and
the low complexity advantage of the minimum-maxi-

mum matching method. Firstly, according to the large-
scale fading coefficient of the target cell users, the us-
ers are divided into strong user group and the weak us-
er group. Then, the channel quality of the users and
the pilot interference intensity of the users in the adja-
cent cell are detected. Finally, in order to improve the
sum rates of system, the strong users adopt the Hun-
garian algorithm for pilot allocation to improve the up-
link achievable sum rates, and the weak users utilize
the minimum-maximum matching method for pilot allo-
cation to ensure the QoS requirements.

The symbols used are defined as follows: I, de-
notes the M-order identity matrix. ( - )", ( -+ )" and
E( - ) denote the transpose, conjugate transpose, and
average of the matrix respectively.

1 System model

This paper considers a massive MIMO system
composed of L hexagonal cells, and each cell contains
K(K << M) single-antenna users. Each BS with ¥
antennas is placed in the center of each cell, which
serves all users in the cell (Fig.1).

» Effective
signal
Interference
signal

———>

Fig.1 Massive MIMO system model

Supposing the system works in TDD mode, the
channel vector from the k-th user in the j-th cell to the
BS in the i-th cell can be modeled as

hi v = /B, 18, wyi (1)
where, g; 4y, ~ CN(0, I,;) denotes the small-scale fa-
ding vectors from the k-th user in the j-th cell to the BS
in the i-th cell, B ,, , denotes the large-scale fading
coefficient. Since geometry fading and shadow fading
change slowly in space the index relative to the fre-
quency and the base station antenna is constant, so

B 1y, can be expressed as
P :
. G (2)

B(j, ky,i a
(r<,-, k),i/R)
where, z.; 4 ; represents the shadow fading, « is the
path loss exponent, R is the cell radius and r; ,, ; de-
notes the distance from the k-th user in the j-th cell to
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the BS in the i-th cell. Assuming that there are a total
of S available pilot sequences, and S = K, the pilot se-
quences @ = [, ¢, -+ 5] e C*is S x 7 or-
thogonal matrix, 7 is the length of the pilot training se-
quence sent by the user and @P" = I,. Supposing
each user sends pilot sequence to the BS in the same
cell, and the transmit power of each pilot is the same,
the received pilot signal at the BS in the i-th cell can

be represented as

L K

YL = «/;ZZ, I;hg,k)ibe"'Ni (3>
e i

where, p, denotes uplink pilot transmit power, and N,

~ CN(0,1) denotes the additive Gaussian white noise

(AWGN) matrix with mean O and variance 1. The re-

ceived user data at the BS in the i-th cell can be repre-

sented as

L K
Yi = «/PT; ;h@', Wi%XG, e T (4)

where, p, denotes the uplink data transmission power,
%, 4 denotes the data symbol from the k-th user in the
J-th cell, n; denotes the AWGN. After receiving the pi-
lot sequence ¢, , the result of the channel estimate for
the k-th user in the i-th cell based on can be represen-
ted as

1
b = he, i+ 2 R iyi + 06,8
A/ , J#L
(5)
1 .
where, v ,, = ——N,é, represents the equivalent

0o

noise. The channel estimation vector h; ;.. of k-th user

h(i,k)i =

in the i-th cell is affected by the same pilot and uncor-
related noise of other cells. When inter-cell pilots are
multiplexed, pilot pollution is generated. After the pi-
197 the matched filter ( MF) detector is
adopted to detect data based on the result of channel
estimate. The data of the k-th user in the i-th cell can
be represented as

lot training

A

TH
Xiiky = h<L BYi
Vpu(h<1 k>lh<t k)zx<z k)
+ 2 hGoihG n%Gn) ey (6)

J#i

where, ; hg-’ wilj wi%;, , is caused by pilot pollution,
i#]

£ 1s inter-cell noise and other interference. The up-

link SINR of the k-th user in the i-th cell can be repre-

sented as

IRy, . 12
SINR(L‘H - (i, kyi"" (i, k)i (7)

2 |h<, wil, k>z| +3<i,k>/Pu

When the number of antennas tends to infinity,

2
:B<i, k)i
2
> B i

JFi
The uplink average achievable sum rates of users

SINR; ,, = (8)

in i-th cell can be calculated as

K
C, = E{Y log, (1 +SINR, ,,)! (9)
k=1

2 Grouping pilot allocation scheme based
on matching algorithm

2.1 User grouping

The large-scale fading coefficients of users in the
target cell are detected and sorted in descending order.
The users are divided into strong user group and weak
user group equally according to the user number,
which are denoted by U, and U, respectively. The users
in strong user group have better channel quality, which
are less affected by pilot pollution, so the pilot se-
quences with larger pollution are allocated to the strong
users to improve the system sum rates. While the user
in the weak user group has poor channel quality, which
are greatly affected by pilot pollution, so the pilot se-
quences with less pollution are allocated to the weak
users, and the minimum-maximum matching method is

adopted to ensure the QoS of weak user.

2.2 Pilot allocation in strong user group

When the number of the BS antennas tends to in-
finity, Eq. (8) shows that the uplink SINR of the k-th
user in the i-th cell is mainly related to the large-scale
fading coefficient B, ,,;. Furthermore, the large-scale
fading coefficient changes slowly, so it is easy to be
tracked by the BS. Therefore,

problem for strong users can be modeled as follows :
2
max Buiwi (10)

2 Bl v

J#FL
Since the pilots in the system are orthogonal mutu-

the pilot allocation

ally, each pilot uses the same transmit power, and the
relationship between the number of pilot and the num-
ber of users is S = K, so the essence of the pilot alloca-
tion problem is one-to-one matching problem between
the user and the pilot. Therefore, the pilot allocation
problem of strong user group can be transformed to a
maximum matching problem, which let the uplink
SINR of the strong users be as the objective function.
So the basic principle of Hungarian algorithm is intro-
duced at first.

(1) The basic principle of Hungarian algorithm

The Hungarian algorithm is a maximum matching
algorithm for finding bipartite graphs with augmented
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paths'®’. The so-called bipartite graph is a special

model in graph theory. In Fig.2(a), letG = (V, E)
be a undirected graph. If the vertex set V can be divid-
ed into two disjoint subsets V1 and V2, and the two
vertices of each line in the graph belong to V1 and V2
respectively, G is called a bipartite graph. If there are
no common vertices among the lines in G, the matc-
hing set consisting of these lines is E, and in which the
maximum matching set A contains the maximum num-
ber of the lines. The two vertices of each line are
called matching points, and the two vertices are one-to-
one matching. e. g., the number 3 in set V1 and the
number 4 in set V2 are one-to-one matching. The max-
imum matching number in Fig.2(a) is 4, it has two
maximum matching schemes and one of the maximum
matching schemes is shown in Fig.2(b). Similarly,
although the result of pilot allocation in strong user
group is the maximum matching, the set with the maxi-
mum matching number may have multiple results, and
further selection criteria need to be made.

Vi V2 Vi V2
@=—> © @ @
e .

® ®

(a) Bipartite graph (b) One of the maximum matching

Fig.2 Bipartite graph structure

(2) Pilot allocation with Hungarian algorithm

r 2 2 2 o
B(i,l)i B(i,l)i B(i,l)i
2 2 2
2 Bon 2 Bl > Bl
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2 2 2
ﬁ(i,l)i B(i,Z)i B(i,Z)i
2 2 2
z B(j,Z)i z B(j,Z)i z B(jz)t
J#i,s=1 Jj#i, s=2 Jj#i, s=K
2 2 2
B(i, K)i B<i, K)i B<i,K>L
2 2 2
> Buwi 2 Bln 2 Bini
Tj#EL, s=1 J#AL, s=2 Jj#i,s=K

(11)

In order to achieve the maximum uplink SINR of

the strong users, the above problem Eq. (10) can be
solved by searching the maximum value of element
summation in matrix Eq. (11), i. e., K elements are
selected in the matrix, and one element is selected for
per row and per column. So the maximum matching set
A with the maximum algebraic summation of the K ele-

ments can be determined, where s represents the s-th
pilot.

In the course of the study, it was found that, the
number of A with the maximum algebraic summation is
not the only one sometimes. For better illustrating this
problem, an example is given. Assuming the target

byy by, by 10 9 5
matrix is B = | b,, b,, by |= [7 8 9] , there
by by by 9 79

exist two maximum matching results. The maximum al-
gebraic summation of both results is 27, B, = {b,,,
by, byt and B, = {b,,, by, by, | respectively. In or-
der to guarantee the fairness of the strong users, com-
bined with the characteristics of variance, which can
measure the difference between the data, the result
with a smaller variance is selected as the optimal solu-
tion for the pilot allocation at last. The variance of the
above two matching results is 2/3 and O respectively,
therefore B, = {b,,, by, by} is selected as the final

matching result.

2.3 Pilot allocation in weak group

The minimum-maximum matching method™® is
adopted in weak user group to allocate pilots according
to the pilot pollution intensity. The pilot with less pol-
lution is allocated to the user with the worst channel
quality, thereby the uplink achievable sum rates of the
weak users can be improved. The pilot allocation for
the weak users can be modeled as follows .

2
B(i, k)i
2
2 B v

3 The algorithm flow of pilot allocation
scheme

(12)

max min

The specific steps of grouping pilot allocation
scheme based on matching algorithm are as follows

(1) Detecting the large-scale fading coefficient of
the target cell user and arranging them in ascending or-
der. According to the number of users, users are
equally divided into strong user group U, and weak user
group U,.

(2) The pilots are sorted in ascending order ac-
cording to the interference intensity generated by the
target cell. Select the first K pilots and save them in
¢, , where Kis an even number. And when K is an odd
number, select the first K + 1 pilots and save them in
b

(3) The latter K/2 or (K + 1) /2 pilots in ¢, are
allocated to U, by Hungarian algorithm.

(4) The residual K/2 or (K — 1) /2 pilots are al-
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located to U, by minimum-maximum matching method.
(5) Finally, the result of pilot allocation in the
target cell user is obtained.
In terms of algorithm complexity, the proposed
scheme for the target cell mainly comes from the sorting

process, and the complexity is O( (g)2 + glog g .
The complexity of the Hungarian algorithm pilot alloca-
tion scheme'' is O(K*), and the complexity of the
smart pilot allocation scheme'®' and the complexity of
the pilot allocation scheme based on user grouping'"®’
are both O(KlogK). The algorithm complexity of the
proposed scheme is slightly higher than that of the in-
telligent pilot allocation scheme, but it is far lower than
that of the Hungarian algorithm pilot allocation scheme,
so the proposed scheme is still achievable even with the

huge number of users.
4 Simulation results and analysis

The users in the target cell are allocated according
to the proposed method, and the users in the adjacent
cell are allocated by the random pilot allocation
scheme. Monte Carlo method is used for system simu-
lation, and assuming that the distance from base station
in target cell to the adjacent cell isr = 1. 2R. The spe-
cific simulation parameters are shown in Table 1.

Table 1 ~ Simulation parameters

Parameter Value

Number of cells L=1

Number of users in each cell K =8

Number of BS antennas 20 = M < 200

Cell radius(m) R =1000

Pilot transmit power (dB) p, =10

Uplink data transmit power (dB) p =10
Path loss exponent o =38

Log normal shadowing fading a =38

In the case with M = 128, the cumulative distri-
bution function ( CDF) curve of the minimum uplink
SINR of the weak users in the proposed scheme and
that of in the random allocation scheme are shown in
Fig.3. Compared with random allocation scheme, the
minimum uplink SINR of the proposed scheme increa-
ses by about 10 dB. Because the weak users adopt the
minimum-maximum matching method, the advantages
of the smart pilot allocation scheme and the grouping
pilot allocation scheme are maintained, that is the pro-
posed scheme can guarantee the QoS of the weak us-
ers.

1 T T T T T T

—#&— Random pilot allocation scheme
0.9 [ | —8— Proposed pilot allocation scheme

0.8F
0.7
0.6

0.4r
0.3F
0.2r
0.1

Q45 -40 -35 -30 -25 -20 ~-15 -10 -5 0
The minimum uplink SINR of the weak users (dB)

Fig.3 The CDF of the minimum SINR of the weak users

The CDF curves of the average uplink SINR for
users in the target cell are shown in Fig. 4. Obviously,
the average uplink SINR of the target cell users can be
effectively improved by increasing the number of base
station antennas. When the number of base station an-
tennas increases from M = 32 to M = 128, the perform-
ance of all pilot allocation scheme is improved by ap-
proximately 5 dB. In the case with M = 128 and CDF
= 0.5, compared with pilot allocation scheme based
on user grouping, Hungarian algorithm allocation
scheme and smart pilot allocation scheme, the uplink
average SINR of proposed scheme increases by about

1.7 dB, 2 dB and 1.8 dB respectively.

I
—A— Random pilot allocation scheme
0 9 || —#— Smart pilot allocation scheme

: —6— Hungarian algorithm allocation scheme
—— Pilot allocation schemes for user grouping
|"| —=— Proposed pilot allocation scheme

b s 10
Average uplink SINR of target cell users (dB)

Fig.4 The CDF of uplink average SINR

Fig. 5 illustrates the trends of the uplink achieva-
ble sum rates changing with the number of base station
antennas. It shows that the uplink achievable sum rates
increase with the increase of the number of base station
antennas. Obviously, the uplink achievable sum rates
can be effectively improved by increasing the number
of base station antennas. Because the minimum uplink
SINR achievable sum rate of the proposed scheme is
superior to that of the other 3 schemes, the achievable
sum rate can be increased by up to about 1 dB.
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Fig.6 shows, in the case with M = 128, the
trends of the uplink achievable sum rates changing with
the uplink transmit power. Obviously, the uplink
achievable sum rates can be effectively improved by in-
creasing with the uplink transmit power. Compared to
pilot allocation scheme based on user grouping, Hun-
garian algorithm allocation scheme, smart pilot alloca-
tion scheme and random pilot allocation scheme, the
uplink achievable sum rate of the proposed scheme is
better than that of the other 4 pilot allocation schemes,
and is improved by 0. 52 bps/Hz, 0. 62 bps/Hz,
0.8 bps/Hz and 3 bps/Hz respectively. When the
transmit power increases to a certain degree, the uplink
average achievable sum rates tend to be saturated.

~ 11 T T T T T
E —E8— Proposed pilot allocation scheme
&, 10 | Pilot allocation schemes for user grouping e
k) —©&— Hungarian algorithm allocation scheme P f
2 9f —e— Smart pilot allocation scheme = i
o —&— Random pilot allocation scheme
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Fig.5 The trends of the uplink achievable sum rates changin,
with the number of base station antennas
ﬁ 9 T T T T
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Fig.6 The trends of the uplink achievable sum rates changing
with the uplink transmit power

5 Conclusion

A grouping pilot allocation scheme based on matc-
hing algorithm is proposed in this paper, which fully
considers the difference of the anti-interference ability
between users. The sirong users adopted the Hungarian

algorithm for pilot allocation. Considering Hungarian
algorithm may obtain multiple matching results, the op-
timal matching result is selected by using the variance
to ensure the faimess of strong users. The weak users
adopt the minimum-maximum matching method to per-
form pilot allocation according to the pilot pollution in-
tensity. Compared with different pilot allocation schemes,
the time complexity of the proposed algorithm is accept-
able, and the proposed pilot allocation scheme can ef-
fectively improve the system performance.
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