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ABSTRACT Pilot contamination (PC) is recognized as a bottleneck for the achievable throughput of
multi-cell massive multiple-input multiple-output (MIMO) systems. In this paper, we propose a joint pilot
allocation and pilot sequences optimization (JPA-PSO) scheme to mitigate the effects of PC and maximize
the system spectral efficiency (SE). Specifically, we first construct a range of pilot sequence in line with the
coherent interval. Then, we establish an allocation basis by defining a similarity to distinguish PC among
users. An angle of arrival (AOA) positioning method is designed to obtain the user’s location information.
Under the location information, we can monitor and estimate the distance between users in different cells to
denote the potential interference of transmit power among users. Then, we execute pilot allocation strategy
in line with the similarity and distance between users in different cells, that is, assign orthogonal pilots
to the users with greater similarity and shorter distance. Finally, we provide a pilot sequence optimization
algorithm to maximize the system SE. Simulation results verify that combining pilot allocation and pilot
sequence optimization can significantly improve the system SE.

INDEX TERMS Massive multiple-input multiple-output, pilot contamination, pilot allocation, pilot
sequence optimization, spectral efficiency.

I. INTRODUCTION
Massivemultiple-inputmultiple-output (MIMO) has achieved
great success in throughput, and has been as one of the most
critical technologies for the fifth generation (5G) and beyond
5G (B5G) wireless communication [1]–[3]. To explore the
benefits of massive MIMO, many researchers bend over
backwards to design revolutionary communication technolo-
gies. By deploying large-scale antennas at the base station
(BS), a massive MIMO system has substantial potential in
suppressing multiuser interference and providing disruptive
improvements in spectral efficiency (SE) and energy effi-
ciency (EE) [4]–[6]. In line with resource saving and highly
scalable features, the time division duplex (TDD) model is
used to achieve communication between BS and users. Since
the channel state information (CSI) is uncertainty knowledge
and needs to be obtained by the BSs that operate in line with
TDD [7], [8]. In practice, the pilot sequences are utilized
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to estimate the CSIs. Due to the coherence time cannot be
extended infinitely, the pilot length is controlled within a
narrow range and the same pilot sequences is used for all
cells, which leads to the problem of pilot contamination
(PC). Due to the existence of PC, the system capacity of
the network is limited even with innumerable BS antennas.
In other words, PC is the main factor leading to system
performance degradation. Therefore, PC is recognized as a
bottleneck for the achievable system capacity of multi-cell
massive MIMO systems [9]–[11].

In order to alleviate the impact of PC, many pilot alloca-
tion schemes have been designed to restrict the interference
among users. A basic approach of pilot reuse was studied
in [12], which focuses on designing pilot reuse patterns to
prove the relationship between PC and pilot consumption,
and each pilot reuse pattern can provide a certain performance
gain by consuming different number of pilots. The pilot
allocation scheme that ignores correlations between users
is proposed in [13], which to reduce PC by maximizing
the performance of users with poor channel conditions in

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 60637

https://orcid.org/0000-0002-5730-2208
https://orcid.org/0000-0002-3630-8010


X. Nie, F. Zhao: JPA-PSO in Massive MIMO Systems

each cell. However, the system performance is undesired
since this scheme sacrifices the users with superior conditions
in exchange for the availability of users with poor conditions.
The authors of [14] have designed a supervised learning
scheme of pilot allocation, which completes pilot allocation
through four steps: acquiring data, preprocessing data, system
modeling and post processing. This solution achieves high
system capacity with short time complexity. In [15], smart
antennas are used for pilot allocation, which can mitigate
PC and improve system performance by separating users
who send the same pilot in physical space. Nevertheless,
the interference intensity between users is not distinguished,
which will lead to poor performance of edge users. The graph
algorithm is described in [16], which adopts iterative search to
obtain interference threshold, and uses the channel character-
istics and interference threshold to construct an interference
graph, then assigns pilots to user based on the interference
graph. In [17], a weighted pilot allocation scheme is proposed
and it designs a PC weighted graph for pilot allocation. Due
to its allocation algorithm is greedy, the system performance
cannot be well guaranteed. In [18], a clustering pilot allo-
cation scheme is proposed by clustering users who have
significant mutual interference. Moreover, the authors of [19]
design a dictionary of pilot and pilot transmit power, and
based on this dictionary, an asymptotic technique is adopted
to design the algorithm of maximizing the minimum SE.
In addition, a heuristic algorithm which takes into account
the pilot length is proposed in [20] and it is mainly to reduce
the channel estimation error. However, this algorithm uses
traversal search for pilot length optimization, which will lead
to high algorithm complexity with the coherence interval
extend.

In this paper, we studied the advantages and challenges
of massive MIMO uplink system, based on which a joint
pilot allocation and pilot sequence optimization (JPA-PSO)
scheme is proposed to restrain PC and improve the system
SE. First, we formulate two pilot optimization problems
by analyzing the relationship between SE and PC and the
relationship between SE and pilot sequence: pilot allocation
lies in maximizing the system SE by suppressing the PC;
pilot sequence optimization focus on maximizing the system
SE by optimizing the pilot sequence length. To solve these
problems, we construct a range of pilot sequence based on the
coherent interval. Then, we establish an allocation basis by
defining a similarity to distinguish PC among users. An angle
of arrival (AOA) positioning method is designed to obtain the
user’s location information. Under the location information,
we can monitor and estimate the distance between users in
different cells to denote the potential interference of transmit
power among users. Then, we execute pilot allocation strat-
egy according to the similarity and distance between users in
different cells, that is, assign orthogonal pilots to the users
with greater similarity and shorter distance. Finally, we use
extrapolation and interpolation methods to solve the problem
of pilot sequence optimization for maximizing the system
SE. Simulation results verify that combining pilot allocation

and pilot sequence optimization can significantly restrain PC
and improve system SE. In addition, the effectiveness of our
proposed JPA-PSO scheme is superior to traditional pilot
allocation schemes, and almost catches up to the exhaustive
search with low computational complexity.

II. SYSTEM MODEL
In this paper, a multi-cell massive MIMO uplink system with
L hexagonal cells that operate based on a TDD protocol is
considered, and its model is demonstrated in Fig. 1. Each
cell is composed of a BS and K single-antenna users, BS is
deployed withM antennas to suppress interference and com-
municates with K users simultaneously [4]. In this model,
we adopt TDD to achieve communication between users and
BS, and exploit the block fading model, thus the channels is
smooth in one coherent time block, and change independently
in the next coherent time block [11]. For convenience, we use
the symbol 〈j, k〉 to represent the kth user in the jth cell,
and BS i is represent the BS of the ith cell. In the channel
setup, hij,k = Zij,k

√
β ij,k denotes channel vector from the user

〈j, k〉 to the BS i, where Zij,k represents the small-scale fading
vector, and obeys independent and identically distribution,
that is, Zij,k ∼ CN (0, IM ). And β ij,k = sij,k/

(
r ij,k/R

)α
is

the large-scale fading coefficient, where sij,k represents the
shadow fading from the user 〈j, k〉 to the BS i, r ij,k denotes
the distance between the user 〈j, k〉 and the BS i, α denotes
the path loss exponent of links, and R is the radius of cell [9].

FIGURE 1. Massive MIMO uplink system model.

In practice, the CSI of user is uncertainty knowledge and
needs to be obtained through the BS with the assistance of
pilots. Hence, we assume that there are τ pilots for channel
estimation, and a pilot sequence 8 is constructed, which can
be expressed as 8 = [φ1, φ2, · · · , φτ ]T ∈ Cτ×1, where φ is
pilot symbol. The length of 8 is τ and 8 is reused in each
cell.

To detect the transmission signal for the user 〈i, k〉,
supposing that BS i is equipped with a matching filter
receiver [11]. After data detection, the user’s signal-to-
interference plus-noise ratio (SINR) can be obtained based
on the detection results. And the uplink SINR of user 〈i, k〉
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is [13], [19]

SINRULi,k =
ρi,k

∣∣∣(h̃ii,k )Hhii,k ∣∣∣2∑L
j=1,j 6=i ρj,k

∣∣∣(h̃ij,k )Hhij,k ∣∣∣2 + |ui,k |2
≈

ρi,k ρ̂i,k (β ii,k )
2∑L

j=1,j 6=i ρj,k ρ̂j,k (β
i
j,k )

2
,M →∞ , (1)

where ρi,k and ρ̂i,k represent the pilot and data transmission
power of user 〈i, k〉, respectively. And h̃ii,k represents the
channel estimate of hii,k . This formula indicates that if the BS
antenna scale is enormous, the channels will be orthogonal to
each other and the approximate equality above holds. Since
the channels are orthogonal, the uncorrelated interference ui,k
disappears gradually, and the survivor in the denominator is
PC, which is not interfered by the BS antennas. Then the
expression of total system SE applied to pilot allocation and
pilot sequence length optimization is

U (τ )
SE =

(
1−

τ

T

) L∑
i=1

K∑
k=1

E
{
log2

(
1+ SINRULi,k

)}
, (2)

where T denotes the coherent interval length (total trans-
mission symbols of the pilot and the data within a coherent
interval).

III. PROPOSED JOINT PILOT ALLOCATION AND PILOT
LENGTH OPTIMIZATION
A. PROBLEM FORMULATION
During the uplink transmission phase, pilot and data sig-
nals are transmitted to the destination through the coherent
interval and each coherent interval is split into two areas
with different load functions, pilots occupying one functional
area and data occupying another functional area. Since the
length of the coherence interval cannot be infinitely extended,
when numerous users access the system, the length of pilot
sequence is restricted. As a result, a pilot sequence set is reuse
in each cell and it is a major factor of PC. To protect users
from PC and suppress the system interference as much as
possible, we constructed a range of pilot sequence length in
line with the coherence interval, that is K ≤ τ ≤ T .

From equation (1), we can observe that the PC does not
disappear no matter how magnificent the BS antenna scale.
Hence, to avoid the users with strong mutual interference
sharing the same pilot symbol, our goal is to reduce the PC
and maximize the total system SE, which can be formulated
as

max
{SINR}

(
1−

τ

T

) L∑
i=1

K∑
k=1

E
{
log2

(
1+ SINRULi,k

)}
(3)

where the constraint condition is SINR, and it is given in
(1). Meanwhile, for a given coherence interval T , τ is the
range occupied by pilots, then T − τ is the range occupied
by data symbols. Decreasing τ can increase the T − τ and
improve the system SE, but will enlarge the PC. Therefore,

to balance the tradeoff between pilot sequence length and
data transmission symbols, we propose a pilot sequence opti-
mization problem and its optimization variable is the pilot
sequence length. The purpose of pilot sequence optimization
is suppress interference and maximize the system SE, which
can be formulated as

max
{τ }

(
1−

τ

T

) L∑
i=1

K∑
k=1

E
{
log2

(
1+ SINRULi,k

)}
,

s.t. τ ≥ K ,

τ ≤ T (4)

and the constraint condition is pilot sequence length.
In order to solve these problems, a JPA-PSO scheme is

proposed in the following subsection.

B. ANALYSIS OF SIMILARITY AND DISTANCE
Equation (1) shows that if the transmit power is given, reduce
the PC, that is, reduce the

∑L
j=1,j 6=i(β

i
j,k )

2 can increase the
SINR of user, is equivalent to improve the system SE. There-
fore, PC and system performance are closely connected with
the large-scale fading coefficient. To identify PCs between
users, we establish a pilot allocation basis by defining a sim-
ilarity, which represents the first priority. We use the symbol
f j,ki,k to represent the similarity between two users, and i and j

represent two different cells. The similarity value, f j,ki,k is

f j,ki,k = (β ji,k )
2/(β jj,k )

2
+ (β ij,k )

2/(β ii,k )
2 (5)

Clearly, stronger f j,ki,j indicates that the similarity between
users is strong, and they need to use orthogonal pilots, oth-
erwise it will lead to more serious PC. Note that, the β ij,k
is closely bound up with the distance r ij,k between the user
〈j, k〉 and BS i. Due to the randomness of user location,
there may be several users with the same distance to the BS,
and this means that their large-scale fading coefficient values
are equal, which will result in multiple users with the same
similarity. For example, consider three users A, B and C, A
and B are in jth cell with the same distance from the BS j. C is
the user of ith cell who is closer to A. When the distances
of A and B to the BS i are also the same, the similarities
f CA between A and C and f CB between B and C may be
the same. Moreover, since the distance between A and C is
shorter than the distance between B and C, the interference
between A and C is greater than the interference between B
and Cwhen same pilot is allocated to them. Therefore, simply
using similarity to distinguish PC among users is not accurate
enough. To make up for this shortcoming, we introduce the
distance between users to establish another pilot allocation
basis.

Considering the users who are close to each other in the
edge of different cells and bear the interference of pilot
sharing, when they transmit signals to the BS synchronously,
they suffer great interference of transmit power from each
other, which affect the channel estimation and data detection
of BS. Therefore, the distance between users in different cells
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is far away, the system performance can be better. Moreover,
considering that, there may be multiple users with the same
similarity and their interference intensity can be distinguished
by distance, so the distance between users in different cells is
taken as the second basis of pilot allocation.

Assuming that the BS is deployed uniform linear antenna
array, anAOA locatingmethod is designed to obtain the user’s
location information. The BS senses the arrival direction of
signal through the antenna array and according to the sig-
nal arrival direction calculates the relative azimuth or angle
between the BS and users, then the user’s location can be
calculated by triangulation with the user’s azimuth angle
obtained above. Due to the limitation of the angular resolution
of the antenna equipment, the positioning accuracy of the
AOA is limited. The greater the distance between the BS and
themobile equipment, the lower themeasurement accuracy of
the AOA. Therefore, to improve the measurement accuracy of
AOA, we design each BS only obtain the location information
of users in its cell, and adopted the measurement method of
AOA positioning and signal wave path difference to obtain
the azimuth angle and elevation angle between users and
BS. The user’s location information is shown in Fig. 2. Each
BS is taken as the origin of the space coordinate of the
corresponding cell, and the central BS is taken as the origin of
the space coordinate of the whole system, denoted as (0, 0, 0).
The radius of the cell is R. Let us take two antennas near the
center of the BS as an example. If the horizontal spacing dh
and vertical spacing dv between the antenna array elements
are known, and α1 and α2 represent the horizontal angle at
which the signal reaches the adjacent antennas, then the phase
difference between two adjacent antenna received signals is
computed as 1α = |α1 − α2|. When the signal wavelength
is λ, the wave path difference of adjacent signal can be cal-
culated by the phase difference1α, i.e., dh ∗ cos θ = λ∗ 1α2π .
Thus, the azimuth angle between the user and BS is com-

puted as θ = arg cos
(
λ1α
2πdh

)
. Similarly, β1 and β2 represent

FIGURE 2. User location information.

the elevation angle at which the signal reaches the adjacent
antennas, then the phase difference between two adjacent
antenna received signals is computed as 1β = |β1 − β2|.
When the signal wavelength is λ, the wave path difference of
adjacent signal can be calculated by the phase difference1β,
i.e., dv ∗ sinω = λ ∗

1β
2π . Thus, the elevation angle between

the user and the BS is computed asω = arg sin
(
λ1β
2πdv

)
. Then,

the space location information of user can be described by the
tuple (x, y, z) completely, and the elements

x = d cos θ cosω + xB
y = d cos θ sinω + yB
z = d sin θ + zB

(6)

where θ ∈
[
−
π
2 ,

π
2

)
and ω ∈ [0, 2π ), and d represents

the distance from user to BS, and it is the known prior
information obtained by BS estimation. The distance between
two users can be calculated as

r =
√
|x − x ′|2 + |y− y′|2 + |z− z′|2 (7)

In the same way,
(
x ′, y′, z′

)
denotes the space location infor-

mation of another user. Small r indicates that the poten-
tial interference of transmit power between users is strong.
In order to suppress the interference of the transmission
power as much as possible, users who are closer should use
orthogonal pilots, otherwise the system SE will be degrade.

C. EXTRAPOLATION AND INTERPOLATION
Equation (1) and (2) show that both short and long pilot
sequence lengths can affect the system performance, shorter
pilot sequence length can improve SE, but will introduce
serious PC and degrade the SINR. Therefore, within the
range K ≤ τ ≤ T , we can find an optimal pilot sequence
length τ , which makes the system performance the best. The
pilot sequence length optimization problem is described in
subsection A and we can observe that it is a nonlinear pro-
gramming with a single peak. We can do a one-dimensional
search using the traversal method to get the peak. However,
the computational complexity of the traversal search method
will be high when the coherence interval is large. Therefore,
we adopt extrapolation and interpolation method to solve this
problem and its computational complexity is much lower than
the traversal search method. The core idea of the extrapo-
lation and interpolation method is the algorithm starts from
a certain initial point, and then advances in the direction of
increasing function value with appropriate stride, until the
function value decreases. At this time, we can obtain three
points, and the function value of these three points meets low
on both sides and high in themiddle and the interval where the
maximum value is located can be determined according to the
three points. Then, interpolate a point between any two points
in the interval obtained above and compare the magnitude
of the function values about these points. Then the left and
right neighbors of the maximum function value will be used
as a new interval, which can shorten the interval where the
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maximum value is located again, and finally determine the
position of the maximum value.

D. PROPOSED JPA-PSO SCHEME
In this paper, inspired by the weight algorithm [17] and pilot
length optimization [20], a JPA-PSO scheme was proposed.
By analyzing the incomplete reliability of simply using sim-
ilarity to distinguish PC, we consider the interference of
transmit power and propose the distance between users in
different cells to make up for this shortcoming, and analyz-
ing the relationship between pilot sequences and SE, a con-
clusion that the pilot sequence optimization is a nonlinear
programming is summarized. Then we design the JPA-PSO
scheme. In particular, we construct a range of pilot sequence
length for pilot allocation and pilot sequence optimization.
Then, the similarity and distance are defined as the first
priority and the second priority for pilot allocation, respec-
tively. If the user satisfies the first priority, the user will be
assigned the orthogonal pilot first. If the first priority cannot
be selected, the second priority will be used as the decision
condition, and the users who meet the first and second prior-
ities are assigned the orthogonal pilot. If all the orthogonal
pilots have been allocated, the remaining users will reuse
the same pilots, repeat the steps above, until all users are
assigned pilots. Finally, we perform a nonlinear search over
the range K ≤ τ ≤ T by extrapolation and interpolation to
obtain the maximum SE. The detailed steps of the proposed
JPA-PSO scheme is designed in Algorithm 1 and described
in the following seven parts.

1) INTRODUCTION
In this letter, the range K ≤ τ ≤ T is constructed for
pilot allocation and pilot sequence optimization, in which
we perform a nonlinear search to obtain the maximum SE.
During the search, the corresponding pilot sequence length
will be used for pilot allocation and the pilot allocation is
performed in each search.

2) PILOT ALLOCATION INITIALIZATION
First, we define D as an empty set for storing users who are
assigned pilot, then calculate the similarity between users in
different cells and compare similarity values across all users,
finally assign orthogonal pilots to users with the greatest
similarity. At the same time, users with the greatest similarity
are saved in D, while the remaining users are candidates.

3) USER SELECTION
For user selection, we introduce two priority matrices F and
θ with L rows andK columns,F for storing the accumulation
of the similarity between candidate and the users in D, which
is defined as the first priority of user selection. And θ for
storing the accumulation of the distance between candidate
and the users in D, which is defined as the second prior-
ity of user selection. Then, the candidate who satisfies the
maximum F(j, k) will be selected as preferred candidate of
pilot allocation. If the number of candidates who satisfy the

Algorithm 1 Proposed JPA-PSO Algorithm
Require: K , L
Ensure:

{
pj,k

}
∀j, k, τ ∗SE

1: τ = h = K , K ≤ τ ≤ h < T , 1 > 0
2: while U (h)

SE ≥ U
(τ )
SE do.

3:
{
pj,k

}
= 0, define n initial users.

4: {〈jn, kn〉} = argmax∀i,j f
j,k
i,k .

5: pjn,kn = n, D = {〈jn, kn〉}, C = {KL\D}.
6: while C 6= ∅ do
7: F(j, k) =

∑
i,k∈D,j,k∈C f

j,k
i,k .

8: θ (j, k) =
∑

i,k∈D,j,k∈C r
j,k
i,k .

9: 〈jx , kx〉 = argmax {F(j, k)}.
10: if 〈jx , kx〉 ≥ 2 then
11: 〈jx , kx〉 = argmin {θ (j, k)} .
12: end if
13: ψ =

{
P : τ\pjx ,k ,∀k

}
.

14: P = argmin
∑

i,k∈D,pjx ,kx∈ψ
f jx ,kxi,k .

15: pjx ,kx = P , D = D ∪ {〈jx , kx〉}, C = C\D.
16: end while
17: τ = h, h = h+ 21.
18: Calculate U (τ )

SE and U (h)
SE by (2).

19: end while
20: Determine the interval [τ − 21, τ + 21] where the

maximum SE (EE) is located.
21: Calculate U (τ )

SE within the interval [τ − 21, τ + 21] by
(2).

22: τ ∗SE = maxτ∈[τ−21,τ+21] U
(τ )
SE .

maximum F(j, k) have multiple, we will select the candidate
who satisfies both the maximumF(j, k) and minimum θ (j, k)
as the preferred candidate of pilot allocation.

4) PILOT ALLOCATION
If the preferred candidate of pilot allocation is chosen, we first
construct a pilot setψ , which represents the orthogonal pilots
available in the cell where the preferred candidate is located.
Then, the available pilots in the pilot set ψ are assigned
to the preferred candidate, and the accumulations of simi-
larity between the users in D and the preferred candidate
are calculated in order, then the preferred candidate makes
a comparison and decides to choose the pilot with the least
accumulation of similarity. Finally, save the preferred candi-
date into D. Repeat steps 2) and 3), until all candidates are
assigned pilot.

5) PILOT LENGTH INITIALIZATION
We set initial interval of the pilot sequence length as [K ,T ],
initial point as τ = h = K and give the initial stride 1 > 0.

6) EXTRAPOLATION
To determine the interval where the maximum SE is, we use
extrapolation to perform a nonlinear search over the interval
[K ,T ]. First, the pilot sequence length takes a step forward
from the initial point τ = K with a stride 21 and get point

VOLUME 8, 2020 60641



X. Nie, F. Zhao: JPA-PSO in Massive MIMO Systems

τ + 21, then calculate U (τ )
SE and U (τ+21)

SE by (2) and compare
these two function values. If U (τ+21)

SE ≥ U (τ )
SE , continue to

increase the pilot length with a stride 21, repeat the steps
described above untilU (τ+21)

SE ≤ U (τ )
SE . Then, we can get three

points τ −21, τ and τ +21, and the function values of these
three points satisfy low on both sides and high on middle,
i.e., U (τ−21)

SE ≤ U (τ )
SE ≥ U (τ+21)

EE . Finally, we can determine
that the point of the maximum SE is within the interval
[τ − 21, τ + 21].

7) INTERPOLATION
After determining the interval [τ −21, τ +21] in which the
maximum SE is located, we calculate the SE and compare
the size of SE with τ within the interval [τ − 21, τ + 21],
then select the pilot sequence length that maximizes SE as the
optimal pilot length. If the interval [τ −21, τ +21] is large,
we can interpolate a point τ+1 between τ and τ+21. Then,
compare the magnitude of U (τ )

SE at points τ − 21, τ , τ + 1
and τ +21, and the left and right neighbors of the maximum
function U (τ )

SE are used as a new interval, which can short the
interval where the maximum SE is located again. Repeat the
steps described above and finally determine the location of
the maximum SE.

The overall algorithm complexity of pilot allocation and
pilot sequence optimization is O

(
τ−K
21 τ (KL)3

)
, which com-

prises the computational complexity τ−K
21 for optimizing the

pilot sequence length by extrapolation and interpolation, and
the computational complexity τ (KL)3 required to perform
pilot allocation. In addition, it is more reliable and feasible
compared to the computational complexity of exhaustive
solution for combining pilot allocation and pilot sequence
optimization, which is O(T (CK

τ )
L−1).

IV. SIMULATION RESULTS
In this section, we utilizeMonte Carlo to perform system sim-
ulation, and several numerical results are provided to evaluate
the system performance of the proposed JPA-PSO scheme.
A massive MIMO system comprise L cells, L BSs, and KL
users is designed to simulate actual uplink communication.
In the model setup, the radius of the cell is 500m, users
are randomly and evenly scattered in the safe and available
areas, and BS deployedM antennas is constructed in the most
advantageous position of the cell and communicates with K
users simultaneously [4]. We choose the coherent interval
length T = 196, and the detailed simulation parameters are
summarized in table 1. To prove and discuss the reliability
and availability of our design scheme, the system simulation
of traditional pilot allocation is provided for comparison. For
clarification, the previously designed schemes of pilot alloca-
tion are collectively referred to as traditional pilot allocation.

Fig. 3 compares the SINR of the traditional pilot alloca-
tion, exhaustive search, exhaustive search with pilot sequence
optimization (Exhaustive search & PSO), the proposed pilot
assignment and the proposed JPA-PSO scheme,where the tra-
ditional pilot allocations include random pilot assignment and

TABLE 1. Simulation parameters.

FIGURE 3. Cumulative distribution function (CDF) of SINR of different
schemes with L = 19, τ = K = 10, ρ = 15dB, ρ̂ = 10dB and M = 128.

smart pilot assignment. Random pilot assignment in which
users reuse pilots without any regular pattern in each cell, due
to its randomness, the PC of users in different cells is serious,
resulting in a low SINR. Smart pilot assignment aim at max-
imizing the minimum SINR in each cell, since it sacrifices
the largest SINR of the overall system in exchange for the
availability of users with poor channel conditions, the SINR
has not improved much. Exhaustive search obtains the largest
SINR by finding users with the least PC and assigning them
the same pilot. The proposed JPA-PLO scheme considers PC
and power interference, uses the similarity and the distance
between users to indicate mutual interference between users,
and assigns orthogonal pilots to users with greater similarity
and shorter distances. As can be seen from Fig. 3, the SINR
of the proposed JPA-PSO scheme surpasses traditional pilot
allocations, the proposed pilot assignment and exhaustive
search, almost catches up to exhaustive search with pilot
sequence optimization.

Fig. 4 indicates the increasing trend of average system
rate under the BS antenna scale. The results in Fig. 4 show
that the more BS antennas, the greater improvement the
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FIGURE 4. Average system rate under the BS antenna scale M with
L = 19, τ = K = 10, ρ = 15dB and ρ̂ = 10dB.

FIGURE 5. Average system SE against the pilot sequence length τ with
L = 19, K = 10, ρ = 15dB, ρ̂ = 10dB and M = 128.

average system rate of traditional pilot allocations, exhaus-
tive search and the proposed JPA-PSO scheme. The reason
for this phenomenon is that tremendous BS antenna scale
can realize channel orthogonality, which can reduce mutual
interference between users, thus improve the system rate.
Compared with the traditional pilot allocations, the proposed
JPA-PSO scheme can achieve higher rate, and this is because
the proposed JPA-PSO scheme aims to Reduce PC and power
interference, which can largely reduce the channel estimation
error, thus effectively improve the system rate.

Fig. 5 indicates the relationship between the average sys-
tem SE and the pilot sequence length τ . From the Fig. 5,
we can find that all the curves first rise and then fall, it can
be determined that SE is a single-peak function, which has a
maximum function value. When τ = 34, the system SE of
tradition pilot allocations reach a maximum, when τ = 26,

FIGURE 6. Average system SE against the transmit power with L = 19,
K = 10 and M = 128.

the system SE of the proposed JPA-PSO scheme reaches a
maximum. Within the pilot sequence length K ≤ τ ≤ T ,
the SE of proposed JPA-PSO scheme is superior to the SE
of tradition pilot allocations. When K ≤ τ ≤ 26(K ≤ τ ≤
34), the system SE improves with the pilot sequence length
extends. This phenomenon can be explained as increasing
pilot sequence length can weaken the PC, thus improving
the SE of the whole network. When 26 < τ < T (34 <

τ < T ), increasing the pilot sequence length, SE drops
rapidly, and this is because increasing pilot sequence length
τ can compress the number of data transmission symbols and
reduces the system SE.

Fig. 6 shows the relationship between average system SE
and the transmit power. For accuracy, we take the proposed
JPA-PSO scheme based on different pilot sequence lengths as
optimization objective, and τ = K , Optimal pilot sequence
length τ = 26 and τ = T are considered, then the average
system SE is obtained by 500 times simulation. We can
observe that when the transmission power is increased to a
certain degree, these three schemes converge to a stable state.
When the transmit power is about 25dB, 20dB and 15dB,
the average system SE of the proposed JPA-PSO scheme with
τ = 26, τ = K and τ = T converge, respectively. Moreover,
with the increase of transmit power, average system SE of
these three options also improve. Besides, the proposed JPA-
PSO scheme with τ = 26 can greatly improve the system
SE. However, the system SE does not change greatly under
the transmit power gradually advances in the rising direction,
and the reason is that larger transmit power affect the channel
estimation and data detection of users in different cells.

V. CONCLUSION
This paper promoted the optimization of SE in massive
MIMO system by proposing a joint pilot allocation and pilot
sequence optimization scheme to restrain PC and maximize
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the system SE. A PC problem of pilot allocation and a non-
linear programming problem of pilot sequence optimization
were formulated. To solve these problems, we first construct
a range of pilot sequence based on the coherent interval.
Then, we establish an allocation basis by defining a similarity
to distinguish PC among users. An angle of arrival (AOA)
positioning method is designed to obtain the user’s location
information. Under the location information, we can monitor
and estimate the distance between users in different cells to
denote the potential interference of transmit power among
users. Then, we perform pilot allocation strategy in line with
the similarity and distance, that is, assign orthogonal pilots to
the users with greater similarity and shorter distance. Finally,
we adopt extrapolation and interpolation methods to obtain
the optimal pilot sequence. Simulation results have proven
that combining pilot allocation and pilot sequence optimiza-
tion can significantly restrain PC and improve system SE.
Besides, the effectiveness of our proposed JPA-PSO scheme
is superior to traditional pilot allocation schemes, and almost
catches up to the exhaustive search with low computational
complexity. Moreover, combined with pilot allocation, pilot
sequence and power optimization can maximize system SE.
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