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Abstract—Massive MIMO has been recognized as a promising
technology to meet the demand for higher data capacity for mo-
bile networks in 2020 and beyond. Although promising, each base
station needs accurate estimation of the channel state information
(CSI), either through feedback or channel reciprocity schemes
in order to achieve the benefits of massive MIMO in practice.
Time division duplex (TDD) has been suggested as a better mode
to acquire timely CSI in massive MIMO systems. The use of
non-orthogonal pilot schemes, proposed for channel estimation
in multi-cell TDD networks, is considered as a major source
of pilot contamination in the literature due to the limitations
of coherence time. Given the importance of pilot contamination
in massive MIMO systems, we provide an extensive survey on
pilot contamination; and identify other possible sources of pilot
contamination, which include hardware impairment and non-
reciprocal transceivers. We review established theories that have
analyzed the effect of pilot contamination on the performance of
massive MIMO systems, particularly on achievable rates. Next,
we categorize the different proposed mitigation techniques for
pilot contamination using the following taxonomy: pilot-based
approach and subspace-based approach. Finally, we highlight
the open issues, such as training overhead, deployment scenario,
computational complexity, use of channel reciprocity and con-
clude with broader perspective and a look at future trends in
pilot contamination in massive MIMO systems.

Index Terms—5G network, channel state information (CSI),
massive multiple-input multiple-output (MIMO), pilot contam-
ination, time-division duplex system (TDD), frequency-division
duplex system (FDD).

I. INTRODUCTION

HE increasing demand for higher data rates in wireless

mobile communication systems, and the emergence of
services like internet of things (IoT), machine-to-machine
communication (M2M), e-health, e-learning and e-banking
have prompted the need for new technologies that are capable
of providing higher capacity compared to the existing cellular
network technologies. It is projected that mobile traffic will
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increase in the next decade in the order of thousands com-
pared to current demand; hence, the need for next generation
networks that can deliver the expected capacity compared to
existing network deployment [2]. According to Cisco network-
ing index, global mobile data traffic grew 69 percent in 2014,
making it 30 times the size of the entire global internet in
2000. The index also shows that wireless data explosion is
real and increasing at an exponential rate, which is driven
largely by the increased use of smart phones and tablets, and
video streaming [3].

The current 4G cellular networks identified by the inter-
national telecommunication union (ITU), i.e. 3rd Generation
Partnership Project (3GPP) LTE-Advance and IEEE 802.16m
cellular networks [4] were designed with the key attributes
to support peak spectral efficiency of 15 bps/Hz, cell average
spectral efficiency of 2 bps/Hz, bandwidth of 100 MHz and
ultra-low latency. However, the projected traffic growth far
exceeds the capabilities of current 4G, hence the need for 5G
cellular network. 5G is expected to introduce new technology
components, such as massive MIMO, ultra dense and reliable
networks, device-to-device communication and massive ma-
chine communication [5]. Collaborative projects such as Mo-
bile and Wireless Communications Enablers for the Twenty-
twenty Information Society (METIS) and SGNOW, in addition
to other research groups mentioned in [6] mainly drawn
from the academia, industry and public-private partnership,
have taken up the challenge to meet the intense demand [7].
Key technology components that have been identified under
the METIS that require significant advancement are radio
links, multi-node/multi-antenna technologies, multi-layer and
multi-RAT networks, and spectrum usage [8]. In multi-node/
multi-antenna technologies, massive MIMO is currently being
studied in order to deliver very high data rates and spectral
efficiency, as well as enhanced link reliability, coverage and
energy efficiency [9].

Massive MIMO, as illustrated in Fig. 1, is a communication
system where a base station (BS) with a few hundred antennas
array simultaneously serve many tens of user terminals (UTs),
each having a single antenna, in the same time-frequency
resource [10]. The BS with multiple antennas sends indepen-
dent data streams to multiple terminals in the same time-
frequency resource. Use of massive MIMO is a promising
technology that is expected to deliver high data rates as
well as enhanced link reliability, coverage, and/or energy
efficiency; and has therefore attracted lots of research interests.
Several studies have been carried out to explore its benefits as
well as limitations and challenges through theoretical studies,
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simulation and prototyping [10]-[12].
The basic advantages offered by the features of massive
MIMO can be summarized as follows:

o Multiplexing gain: Aggressive spatial multiplexing used
in massive MIMO makes it theoretically possible to
increase the capacity 10 times more [10].

o Energy efficiency: The large antenna arrays can poten-
tially reduce uplink (UL) and downlink (DL) transmit
powers through coherent combining and an increased an-
tenna aperture [13]. It offers increased energy efficiency
in which UL transmit power of each UT can be reduced
inversely proportional to the number of antennas at the
BS with no reduction in performance [13], [14].

o Spectral efficiency: The large number of service anten-
nas in massive MIMO systems and multiplexing to many
users rather than beamforming to a single user provides
the benefit of spectral-efficiency [13], [15].

o Increased robustness and reliability: Basically, the
large number of antennas allows for more diversity gains
that the propagation channel can provide. This in turn
leads to better performance in terms of data rate or link
reliability. Also, when the number of antennas increases
without bound, uncorrelated noise, fast fading, and intra-
cell interference vanish [11], [12].

o Simple linear processing: Because BS station antenna
is much larger than the UT antenna (M > K), simplest
linear pre-coders and detectors are optimal [11], [16].

o Cost reduction in radio frequency (RF) power com-
ponents: Due to the reduction in energy consumption,
the large array of antennas allows for use of low cost RF
amplifiers in the milli-Watt range [12].

g M antennas

g M antennas

§

— — »  Signals from K-UTs
within a cell

Signals from K-UTs in
neighbouring cells

Fig. 1. Tllustration of massive MIMO system with uniform distribution of
UTs (K) and large number of BS antennas (M) in (L) number of cells

Although promising, practical implementation of massive
MIMO poses a research challenge. In this regard, real-world
challenges such as channel estimation and pilot design, an-
tenna calibration, link adaptation and propagation effects, the-
oretical limits in massive MIMO, and use of massive MIMO
in millimeter-wave bands have been considered in METIS [9].

To achieve the benefits of massive MIMO in practice, each
BS needs accurate estimation of the channel state information

(CSI), either through feedback or channel reciprocity schemes.
In view of this, frequency-division duplex (FDD) or time-
division duplex (TDD) has been considered in the literature.
TDD is considered a better mode to acquire timely CSI in
advance wireless systems over FDD because TDD requires
estimation, which can be done in one direction and used in
both directions; while FDD requires estimation and feedback
for both forward and reverse directions, respectively [10], [12],
[17]. Under METIS, TDD has been suggested for massive
MIMO [8] because of efficient usage of radio resources.
However, [18]-[21] proposed the use of FDD. The possibility
of using FDD scheme will continue to attract more interest
because FDD is common among existing cellular networks.
Our focus however, is on the use of TDD scheme in a massive
MIMO system. This paper intends to examine the sources and
major effects of pilot contamination in massive MIMO systems
in the TDD scheme with the aim of reviewing proposed
methods in eliminating or reducing pilot contamination in
multi-cell systems within the last decade.

In TDD architecture, the use of channel reciprocity and
training signals (pilot) in the UL are key features for its
application. Using the notion of reciprocity, it is assumed
that the forward channel is equal to the transpose of the
reverse channel for the purpose of theoretical studies. Hence,
the required channel information is obtained from transmitted
pilots on the reverse link from UTs [22]. However, in practice,
an antenna calibration scheme must be implemented at the
transmitter side and/or the receiver side owing to the different
characteristics of transmit or receive RF chains [23].

The number of pilot symbols for CSI estimation are con-
sidered in [22], [24]-[26]. In [22], the minimum number of
UL pilot symbols equal to the number of UTs was suggested,
while in [24], it was shown that optimal number of training
symbols can be larger than the number of antennas if training
and data power are required to be equal. In the majority of
studies carried out on pilot contamination, it is assumed that
the same size of pilot signals are used in all cells. Contrary
to this assumption, the studies in [25], [26] have shown that
arbitrary pilot allocation is possible in multi-cell system.

Spectral efficiency in wireless communication has been an
important research topic which requires appropriate frequency
or time or pilot reuse factors in order to maximize system
throughput [27]. The reuse of frequency has been shown to
provide more efficient use of the limited available spectrum,
but it also introduces unavoidable co-channel interference [28].
In a massive MIMO TDD system, the pilot signals which are
used to estimate the channels can be contaminated as a result
of reuse of non-orthogonal pilot signals in a multi-cell system
[29], [30]. This phenomenon causes the inter-cell interference
that is proportional to the number of BS antennas [31], which
in turn reduces the achievable rates in the network [32] and
affect the spectrum efficiency.

There are several studies on eliminating inter-cell interfer-
ence in multi-cell systems in which it is assumed that the BSs
are aware of CSI. For instance, coordinated beamforming have
been proposed in multi-cell multi-antenna wireless systems in
eliminating inter-cell interference with the assumption that the
CSI of each UT is available at the BS [33]-[36]. However, in
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practical implementation, estimation of channel state informa-
tion is required. In the asymptotic regime, where the BS is
equipped with unlimited number of antennas and there is no
cooperation in the cellular network, it was shown that not all
interference vanishes because of reuse of orthogonal training
sequences across adjacent cells leading to inter-cell interfer-
ence [11], [37], [38]. Several methods have been proposed on
reduction of inter-cell interference with emphasis on mitigation
of pilot contamination in channel estimation. Although most
authors have focused on the reuse of non-orthogonal training
sequence as the only source of pilot contamination, others
sources of pilot contamination have been identified in recent
times. In a practical operation regime, other sources of pilot
contamination could be hardware impairments due to in-band
and out-of-bound distortions that interfere with training signals
[39]-[43] and non-reciprocal transceivers due to internal clock
structures of the radio frequency chain. Given the importance
of pilot contamination in massive MIMO in next generation
communication systems, we provide in this paper an extensive
survey of state-of-the-art proposals and approaches to mitigat-
ing pilot contamination from the literature.

Table I shows the summary of the notations used throughout
this paper. The rest of this paper is organized as follows:
in Section II, we give a short introduction to CSI, taking
into consideration training methods, TDD and FDD schemes.
Section III describes the multi-cell system model based on
independent channel and spatial correlated channel, and the
common assumptions made therein. In Section IV, the com-
munication scheme which includes the UL and DL phases
is explained. Following this, we present the sources of pilot
contamination, analyze the problem of pilot contamination and
explain the capacity and achievable rate in multi-cell system
in Section V. In Section VI, we review the different methods
for mitigation of pilot contamination. Open issues on pilot
contamination in massive MIMO are listed and some broader
perspectives are also discussed in Section VII, and Section
VIII concludes the paper.

TABLE I
NOTATIONS
Notation Description
var(.) variance operation
In size-N identity matrix
E|- expectation operator
)T transpose operator
tr{-} trace of a matrix
(HH Hermitian transpose
C set of complex numbers
[I-1] two-norm
* convolution
bold font upper case matrices
bold font lower case vectors

II. CHANNEL STATE INFORMATION

Acquisition of timely and accurate CSI at the BS is very im-
portant in a wireless communication system and it is perhaps
the central activity of massive MIMO [44]. Good CSI helps to
maximize network throughput by focusing of transmit power

on the DL and collection of receive power on the UL via
selective process; hence the need for effective and efficient
method for channel estimation (CE). Channel state estimation
error affects MIMO system performance and the effect of
imperfect channel knowledge has been studied in the literature
[45]-[48]. The estimation of the CSI can be driven by training
sequences [49] (also known as pilot), semi-blind [50] or blind
[51], [52] based techniques. Training overheads for CSI and
CSI feedback contributes to increased cost of CSI estimation
and decreases multiple access channel efficiency [53]. In this
section, we present different training methods with a focus
on training sequence and semi-blind schemes which are based
on the use of pilots. An overview of the CE operations in
multi-cell massive MIMO systems under the TDD and FDD
schemes is also presented.

A. Training Methods

Training-based (TB) CE has been widely adopted in MIMO
systems and is well covered in the literature [49], [54]-[56].
In training-based estimation, pilot sequences known to the
receiver are transmitted over the channel. This known pilot
sequences are then used by the receiver to build estimates
of the random MIMO channel [57]. Two different training
schemes are identified in [55] which are conventional time-
multiplexed pilot scheme (CP) and superimposed pilot scheme
(SIP). In the CP, the pilot symbols are transmitted exclusively
in dedicated time slots allocated for training while in the SIP,
the pilot symbols are superimposed to the data and data are
transmitted in all time slots. The performance analysis based
on the maximum data rate for the CP and SIP scheme using
different scenarios have been discussed in [55], [56]. Several
works have considered different training schemes for both the
flat-fading and frequency-selective MIMO cases which include
design of estimator with both low complexity with good
channel tracking ability and optimal placement of pilots (see,
e.g. [48], [58]-[61] and reference therein). The criteria used to
analyze the performance of training-based CE can be classified
into two: 1) information theoretic (mutual information and
channel capacity bounds, cut-off rate ) and 2) signal processing
(channel mean-square error (MSE), symbol MSE, bit error rate
(BER)) [55].

In large MIMO systems, a key question of interest in TB as
noted in [62] is - how much time should be spent in training,
for a given number of transmit and receive antennas, length
of coherence time (7") and average received SNR. The trade-
off between the quality of channel estimate and information
throughput plays an important role in selection of optimal
training-based schemes. Hence, channel accesses employed
for pilot transmission and for data transmission needs to be
optimized for total throughput and fairness of the system
[63], [64]. In massive MIMO, the large number of antennas
necessitates the use of CE that have low computational com-
plexity and high accuracy. Where the two constraints work
against each other, a good trade-off is required for high data
rates and low channel estimation errors. The minimum mean
square error (MMSE) and minimum variance unbiased (MVU)
CE have been shown to have high computational complexity
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for massive MIMO systems compared to the low complexity
schemes developed in [65]-[67]. The different CE schemes
for conventional MIMO [68] and massive MIMO have been
studied [25], [65], [67], [69]-[72] and a summary of this is
presented in Table II.

B. TDD Scheme

In TDD systems, BSs and UTs share the same frequency
band for transmission; hence, it is considered an efficient way
to obtain CSI for fast changing channels. A distinguishing
feature of TDD systems as noted in [22], [27] is the notion
of reciprocity, where it is assumed that the forward channel is
equal to the transpose of the reverse channel. This eliminates
the need for feedback and allows for acquisition of CSI
through reciprocity of wireless medium with UL training
signals [73]. The use of TDD scheme makes massive MIMO
system scalable in the number of service antennas to a desired
extent [44], although the constraint of coherence interval needs
to be considered. The communication is divided into two
phases: the UL phase and DL phase. In the UL phase, UTs
transmit pilot signals to the BS, the BS uses these pilot signals
for CE process and to form pre-coding matrices. The produced
matrices are then used to transmit pre-coded data to the UT
located in each BS cell in the DL phase. The TDD protocol is
illustrated in Fig. 2. It is assumed that the channel is constant
during the coherence interval (7') which is 7" symbols.

In a multi-cell scenario, non-orthogonal pilots across neigh-
boring cells are utilized, as orthogonal pilots would need
length of least K x L symbols (K= total number of UTs
in a cell and L = total number of cell in the system) owing
to frequency reuse factor of one. The use of K x L symbols
training sequence is not feasible in practice for multi-cell as a
result of short channel coherence times due to mobility of UTs.
This causes a phenomenon known as pilot contamination and it
has been considered as a major impairment in the performance
of massive MIMO systems [16], [74], [75]. The phenomenon
introduces a finite signal to interference ratio (SIR) to the
network, which in turn, causes saturation effect i.e. the system
throughput does not grow with the number of BS antennas.
The effects of pilot contamination is discussed in detail in
Section V.

Data transmission ——»

T - I - Tpitot

«Uplink pilot—« Processing ++—

«—  Coherence interval (T Symbols ) ——

Fig. 2. TDD transmission protocol

C. FDD Scheme

The FDD scheme is briefly discussed here to highlight the
cost of obtaining CSI through feedback in terms of system
resources and bandwidth. Acquisition of CSI has been studied
in great detail in literature under the frame work of FDD
multi-user MIMO systems [76]-[78]. In FDD systems, the

4

pre-coding in the DL and detection in the UL use different
frequency bands, hence the use of feedback is required in
obtaining CSI. In the process of obtaining the CSI in the
DL, the BS first transmits pilot symbols to all UTs and then
UTs feedback the estimated CSI (partial or complete) to the
BS for the DL channels. The feedback resources used in
FDD multi-user diversity system scales with the number of
antennas and will thus grow large in a massive MIMO system
with hundreds of antennas which leads to a loss of time-
frequency resource [79]. As a result, the overhead in FDD
becomes prohibitively large compared to TDD systems where
the overhead scales only with the number of users. A study by
[78], on feedback cost and spectral efficiency shows that data
bandwidth decreases with the number of UTs. This presents a
major challenge in the deployment of massive MIMO system
using FDD mode and is also attracting lot of research interest
because FDD system is popular among network providers [19].
Several schemes have been proposed for possible deployment
of massive MIMO using FDD [16], [53], [71], [76], [79]-[82]
but are not discussed here because it is outside the scope of
this survey.

III. SYSTEM MODEL

In this section we present two categories of system model
for the massive MIMO system found in literature. The models
from literature are based on independent channel [11], [22],
[27], [32], [75], [83] and spatial correlated channel [18], [84],
[85].

A. Independent channel

In this system, L number of cells are considered, where each
cell contains one BS equipped with M antennas and K (<M)
single-antenna UTs. The system models were represented
using different symbols in reviewed papers but we have used
symbols that we considered popular in the literature to allow
ease of understanding.

For independent channel in [11], [22], [27], [32], [75],
[83], the propagation factor from the kth UT of the jth cell
to the mth antenna of the BS in the Ith cell is denoted as
Gikgm = \/Bikjhikjm- Where {hj jm} is small scale
fading factor which is independent and identically distributed
(i.i.d) zero mean, circularly-symmetric complex Gaussian
CN(0,1) random variables and {35 ;} is large scale fading
coefficient, respectively [75]. See Fig. 3, the UTs from jth cell
sends interfering signal to the BS in the /th cell. The small
scale fading coefficients are assumed to be different for each
user or different antennas while the large scale coefficients
are assumed to be the same for different antennas at the BS
but are user dependent. The {/3;x ;} accounts for path loss
and shadow fading of each kth user that changes slowly and
can remain constant over a coherence time interval and known
prior. The channel matrix between all K UTs in the jth cell
and BS in the Ith cell can be expressed as:

911,51 giI,K,j1
1/2 . .
G, =D/ H,; = S ;M

gi,1,5,M 91,K,5,M
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TABLE I

PERFORMANCE COMPARISON OF TRAINING METHODS

[ Reference[ Pilot scheme Channel Estimation Methods Performance Analysis Remarks
[65] CP, Zhadoff Chu Improved MMSE joint channel estimation Computational cost of Improved algorithm saves 61.2%
sequence based pilots improved MMSE versus computational cost in million
conventional MMSE instructions per second (MIPS)
based on number of compared to conventional MMSE
operations per iteration.
[66], CP Low-complexity Bayesian channel MSE of different PEACH estimator has the lowest
[67] estimators, coined Polynomial Expansion estimators for different computational complexity -
Channel (PEACH), Weighted-PEACH polynomial order, O(LNZN2)! compared to
(W-PEACH) estimators, diagonalized computational complexity MMSE, MVU - O(Nt?’ N2)! and
estimator W-PEACH - O(L2NZN2 + L3)!
[72] CP, Zhadoff Chu A pilot criterion was proposed, and Chu Signal to interference Proposed pilots perform better
sequence based pilots sequence was employed to design pilots ratio (SIR) than conventional pilots and
with different phase shift for terminals in eliminates partial interference
each cell. The best phase shift for the
pilots were selected to meet the pilot
criterion.
[69] CP, semi-blind LS, semi-blind maximum-a-posteriori Information throughput Semi-blind MAP estimation
(MAP) (downlink achievable always outperforms the training
rate), subspace estimation based least-squares estimate and
error offers significant performance
gains even for a small number of
received UL data signals
[70] CP, semi-orthogonal pilot | Successive interference cancellation (SIC) Mutual information The achievable rate of proposed
design throughput - UL and DL pilot design with concerned
achievable rates coherence interval (N¢) surpasses
the conventional one at low and
high SNRs no matter how long
the coherence interval is

LNy and N, are number of transmit and receive antennas, respectively. L is order of polynomial expansion.

where
hiaa hi K 1
H;; = : : ) 2)
b j,m ik j,m
and
Bi,
D, = " . 3)
Bk

From the model, channel reciprocity is assumed for the
forward and reverse links, i.e, the propagation factor g; i j.m =
\/Bi.k,j M k,j,m is same for both forward and reverse links. The
system equations describing the signals received at the BS and
the UTs are given in Section IV. The average power at the BS
is represented as py and the average power at each kth UT is

Pu-

B. Spatial Correlated Channel

The spatial correlated channel model in [18], [84], [85], is
characterized statistically in terms of the correlation between
the entries of the channel matrix. In other words, spatial corre-
lation between the antenna elements at the transmitter/receiver
are factored in the the massive MIMO system where all the
BS are equipped with M antennas in L number of cells. The
K UTs are equipped with single antennas and pilot signal
of length 7 used by users in all the cells are assumed to

be mutually orthogonal. Hence the intra-cell interference are
considered negligible in the CE phase [84]. However, non-
orthogonal pilots are reused from cell to cell, resulting in pilot
contamination from L — 1 interfering cells.

The channel vector between the [th cell user and the target
BS is h;. For instance, if h; is the desired channel, then h;, [ >
1 are interference channels. All channel vectors are assumed
to be Mx1 complex Gaussian, undergoing correlation due to
the finite multi-path angle spread at the BS side:

h =R, *hyy, 1=1,2,... L, (4)

where hy; « CN(0,I) is the spatially white M x 1
single-input multiple-output (SIMO) channel, and CA (0, I,,)
denotes zero-mean complex Gaussian distribution with co-
variance matrix I;. The covariance matrix R; £ E{h;h/"}
contains the correlations of all the elements of the channel
matrix and describes the spatial statistics.

IV. COMMUNICATION SCHEME

In this section, the UL training phase and DL transmission
phase are presented.

A. UL Training

The channel information is acquired using the pilot signal
transmitted from the UT in the UL as described in Section
III. In the UL transmission, different scenarios can be con-
sidered which are the worst-case and average-case scenario.
The worst-case is when all UTs are assumed to transmit
synchronously and the average-case scenario is when arbitrary
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mth antenna

— Uplink

— < Downlink
Ith cell

jth cell

Fig. 3. System model showing the BS in Ith cell and kth UT in jth cell

number of UTs at random positions transmit from different
cells.

In dealing with pilot contamination, majority of research
work in the literature considered the worst-case scenario and
assumed that all UTs transmit synchronous pilot sequences of
length 7 symbols at the beginning of every coherence interval.
The training vector transmitted by all cells is 7 X K orthogonal
matrix S; = (sj1, ... ,S;jx) satisfying Sij =L

The received signal matrix at the /th BS, Y; € CMX7T_ can
be expressed as

L
Y; =p. Y D’H,;ST + N, (5)
j=1

where N; is the additive noise matrix with dimension (M x
7 ), whose elements are CN(0,1) random variables, p, is
the average transmit power at each user on the UL, S; =
[sj.1,85,2,--.,8ik| is a 7x K matrix, D; ; and H, ; are defined
in (3) and (2) respectively.

B. DL Transmission

In the DL transmission, considering the BS of the /th cell,
the information to be transmitted to X UTs in the same cell
is expressed as q; = [qllqlg,...,qlK]T and M x K pre-
coding matrix used at the BS be A; = f(H;). Where the
function f(.) corresponds to the specific pre-coding method
performed at the BS [27] and I:Il is the estimated channel.
Hence, A;q; signal vector is transmitted by the BS of the
UTs in [th cell. To normalize the transmit power and satisfy
average power constraint at the BS the transmission symbols
and pre-coding methods are considered such that E[q;qf] =1,
and tr{AfA;} =1.

Consequently, the signals received in the jth cell which
comprises of noisy K x 1 signal vectors is expressed as

L

1
zj = Y /paD: H; Aiq + nj, (6)
=1

where nj—[n;jinjs ... njx]’ is the K x 1 additive noise vector
whose elements are CA/(0,1) random variables. The signal
received as expressed in [27] at the kth UT in jth cell is
given as:

L K
Zj,kZE E VPabBj kil iihiki2 - g alaniqi+nk,

1=1 i=1
(7

where a, ; is the ith column of the pre-coding matrix A, n; x
is the kth element of n; and pq is the average transmit power
form the BS on the DL.

V. SOURCES OF PILOT CONTAMINATION, EFFECTS AND
ACHIEVABLE RATES

In this section, we provide the possible sources of pilot
contamination in massive MIMO systems. Achievable rates
using linear estimators in the presence of pilot contamination
from different literature are presented.

A. Sources of Pilot Contamination

The possible causes of pilot contamination and basic theory
is highlighted in this subsection. First, we consider the pilot
contamination from the reuse of non-orthogonal training se-
quences across cells in a multi-cell massive MIMO systems
due to limited coherence time, followed by the contamina-
tion of pilots resulting from hardware impairments and non-
reciprocal transceivers.

1) Non-orthogonal Pilot Schemes : In a multi-cell system
where the same frequency is shared by all L cells, the intra-
cell interference is considered negligible since the pilots are
assumed to be mutually orthogonal. When frequency reuse
factor of 1 is used, the pilot signals are affected by inter-
cell interference leading to pilot contamination from adjacent
cells brought into the system. The UL transmission when same
pilots are used in all cells at the /th BS, Y; € CMX7 gimilar
to expression in (5) is

L

Y =pu» Gui;S] +Ny, j=1,...,L  (8)
j=1

where G;; € CM*K defined in (1), is the channel matrix
from all K users in the jth cell to the Ith BS. N; € CM*~
is the noise matrix at the /th BS during the pilot transmission
phase. Each BS correlates its received pilot signals with its
own orthogonal pilot signals while all terminals in the other
cells contribute to the pilot contamination [11]. The resulting
estimated channel matrix at the /th BS is

Gl,l = /PuGi11 + /Du Z Gz,jS]TSf + N;. )
J#l

2) Hardware Impairment : The impact of transceiver hard-
ware impairments on massive MIMO system has been stud-
ied in [39], [41], [42]. The hardware components in radio
frequency chain are prone to impairments such as phase
noise, amplifier non-linearity, quadrature imbalance (I/Q) and
quantization errors [86], [87]. Contrary to the view of majority
of papers that assumed ideal transceiver hardware, Bjornson
et al. [39] considered how hardware impairments create a
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mismatch between the intended transmit signal and actual
signal generated, and distortions of received signal in the
reception process. This impairment has been shown to affect
the accuracy of the CE which can invariably lead to pilot
contamination as well as impact the performance of massive
MIMO system. To overcome the challenge of this impairment,
non-ideal behavior of each component has been modeled so
as to design compensation algorithm. However, modeling of
aggregate residual transceiver impairments is considered more
important to system performance rather than the modeling of
individual components [41], [86], [88]. For ideal system model
where the DL channel is used for data transmission and pilot-
based CE, the received signal at the user is expressed as:

z=gls+n, (10)

where s € CM*1 is either a deterministic pilot signal (during
CE) or stochastic zero-mean data signal. n is the additive term
N = Npoise T Ninters 15 an ergodic stochastic process that con-
sists of independent receiver noise 1,4i5e ~ CA (0, U%T) and
interference 1;y¢c,y from simultaneous transmission by other
UTs. The covariance matrix of s is denoted by W = E{ss’’}
and average power is p?° = tr(W). The non-ideal hardware
DL system model taking into consideration the distortion noise
is expressed in (11) and (13) [39]:

z=g" (s+nf%) + 17" +n, (11)

where nP% € CM*! and nYT € C are additive distortion
noise terms which are stochastic processes that describe the
residual transceiver impairments of the transmitter hardware
at the BS and receiver hardware at UT, respectively. The dis-
tortion noise are assumed to be independent of the transmitted
signal s but dependent on the channel realization H. ‘H denotes
the set of channel realizations for all useful and interfering
channels (i.e, g € H). The conditional distributions for the
given channel realization of H are 9P ~ CN'(0,Y7*) and
nYT ~ CN(0,vYT). The noise occurred at an antenna is
proportional to the signal power at the antenna, thus Tf S

and Y7 are expressed as:

Y7 = kPSdiag(Why, ..., Wanr), v/" = k/Tg"Wg”,
(12)

where W;; is the ith diagonal element of W and kfs s

kEUT > 0 are the proportionality coefficients which charac-
terize the levels of impairments due to quantization errors in
automatic-gain controlled analog-to-digital conversion, inter-
carrier interference induced by phase noise, leakage from
mirror subcarrier under I/Q imbalance, and amplitude non-
linearity in the power amplifier [39].

Similarly, the UL non-ideal system model taking into con-
sideration distortion noise for received signal y € CM at the
BS is expressed as:

y=g(d+n/")+nl% +v, (13)

where d € C is either a deterministic pilot signal used for
CE or a stochastic data signal. The average power is pU7 =
E{|d|*}. The additive noise v = Vyoise + Vintery € CM*1 s

an ergodic process that consists of independent receiver noise
Vioise ~ CN(0,0%sI) and potential interference Vipterf
from other simultaneous transmission. V7 € C and 2% €
CMX*1 are additive distortion noise terms which are stochastic
processes that describe the residual transceiver impairments
of the transmitter hardware at the UT and receiver hardware
at BS, respectively. According to Bjornson et al. the ergodic
stochastic processes are independent of d but dependent on
channel realization H, where the conditional distribution for
a given H are nVT ~ CN(0,v7T) and nP° ~ CN(0, Y 2%).
The model of the conditional covariance matrices are modeled
as:

of =KUY = kPSpU  diag(g1 - - g,

(14)
where the hardware quality are characterized at the BS by k2%,
kB9 and at the UT by kU7, kU7, Thus far, the study from [39]
shows that only the hardware impairment from UT limits the
capacity in massive MIMO systems as M grows large and the
hardware impairment BS antenna arrays are negligible. Hence
more research work is needed in this area through practical
investigation on the impact of hardware impairment to pilot
and how it affects massive MIMO systems.

3) Non-Reciprocal Transceivers : In the TDD systems, the
physical forward and the backward channel are considered
reciprocal since they operate on the same carrier frequency.
The models of point-to-point case TDD involving two devices
adapted from [89], [90] is shown in Fig. 4. In ideal case,
the power amplifiers (T1 and T2), low noise amplifiers (R1
and R2) and the effective electromagnetic channel (C(t)) are
considered identical. In non-ideal case, it has been shown in
[89], [91] that the presence of residual offset frequency does
have a big impact on the exploitation of channel reciprocity.
The smallest offset of a few Hz will accumulate and make
the UL and DL channels non-reciprocal within a few seconds.
The impulse response is modeled from device 1 to device 2
as [90]:

G(t, 1) = R2(1) * C(t,1) x T1(1), (15)

and in the reverse direction from device 2 to device 1 as:

H(t,.) = R1(e) * C(t, 1) * T2. (16)
The relationship between G and H is modeled as:
G(t,1) = H(t, 1) * R(¢). (17

Robust calibration techniques are required to provide ac-
curate estimation of R(¢) from channel measurements where
variable ¢ is the delay domain. Lack of accurate reciprocity-
based CSI calibration scheme available at the transmitter in
the presence of the residual offset frequency can be a source
of pilot contamination during CE.

B. Impact of Pilot Contamination

The extent to which pilot contamination impacts system
performance under different scenarios have been studied in
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Fig. 4. Reciprocity model for point-to-point case adopted from [90]

the literature [11], [13], [26], [27], [32], [74], [75], [92], [93].
In analyzing the effects of pilot contamination, the worst-case
scenario is assumed, where all transmissions and receptions
are synchronous with a uniform array of UTs at the BS
[27]. One of the key points being considered is that as the
number of BS antennas M grows without limit, the effects of
additive receiver noise, fast-fading and intra-cell interference
disappears and the only challenge is the inter-cell interference
from transmissions which are associated with reuse of the
same pilot sequence [11]. The effects of pilot contamination
are analyzed by first formulating expressions of signal-to-
interference ratio (SIR). This SIR are then translated into
achievable rates (throughput per cell and mean throughput per
terminal) based on different modeling parameters such as log-
normal shadow fading standard deviation, path loss exponent,
radius of disk from which terminals are excluded to the radius
of the cell, frequency reuse factors and pilot overhead [11].
The authors of [74] studied the rate of convergence of signal-
to-interference-plus-noise ratio (SINR) in the presence of pilot
contamination using a simplified system model. It was shown
that in the absence of pilot contamination, SINR increases
linearly with M and does not saturate as M increases to
infinity. However, in the presence of pilot contamination SINR
saturates due to corruption of channel estimate by interfering
user. In [27], [75], the effect of pilot contamination was
examined using sum-rate of UL transmission versus the cross
gain at fixed SNR for different number of BS antennas. It
was observed that regardless of the increasing number of BS
antennas, the effect of pilot contamination is significant when
the value of cross gain (across cell) due to interference is close
to direct gain (within cell). In [13], it was shown that system
performance is significantly degraded by pilot contamination
when the inter-cell interference factor 5 (which accounts for
path loss and shadow fading) increases. As pilot contamination
increases with the increase of 3, and considering the same av-
erage transmitted power from the UTs, there is a considerable
reduction in the spectral efficiency and energy efficiency.
The authors of [92] examined the asymptotic SINR of a
matched filter with perfect estimate and with that of corrupted
estimate for case of equal receive power. It was shown that
using a pilot interference based estimate for matched filter
causes a loss in SINR compared to perfect estimate in the
matched filter. The effect of pilot contamination has also been
illustrated using different frequency or pilot reuse factors in
multi-cell systems. In [32], using frequency reuse factor of 1,
the sum rate (bits/s/Hz) is much lower compared to higher

reuse factors due to aggressive interference. An illustration of
using different pilot reuse factor of 1, 2, 4 can be seen in Fig.
5 and Fig. 6 using the equations (55) and (20) from [26] for
area throughput and energy efficiency (EE), respectively. In
Fig. 5, the use of pilot reuse factor of 1 shows a significant
loss in area throughput compared to reuse factors of 2 and
4 as a result of interference from all adjacent cells. Also, a
reduction in the achievable EE can be seen in Fig. 6 for multi-
cell scenario with imperfect CSI when pilot reuse factor of 1
is used compared to reuse factors of 2 and 4. This emphasizes
the need to actively mitigate pilot contamination in multi-cell
systems. The derivation of lower bound achievable rates in
the presence of pilot contamination is discussed in Subsection
V-C.

Multi-cell, Comparison of Area Throughput for Different Reuse Factors

sl Reuse factor - 4
= Reuse factor - 2 -
11 Reuse factor - 1 e

Area Throughput (Gbit/s/kmz)

. . . . . . .
0 20 40 60 80 100 120 140 160 180 200 220
Number of Antennas (M)

Fig. 5. Effect of pilot contamination on area throughput using different pilot
reuse factors

Multi-cell, Comparison of EE Values for Different Reuse Factors

Energy Efficiency [Mbit/Joule]
~

— ZF: Reuse factor - 4
1 == ZF: Reuse factor -2 7
S R ZF: Reuse factor - 1

.
0 50 100 150 200
Number of Antennas (M)

Fig. 6. Effect of pilot contamination on energy efficiency using different pilot
reuse factors.

C. Capacity and Achievable Rate in TDD system

The reverse link and forward link achievable rate for non-
cooperative multi-cell system was formulated in [11] based on
the assumption that the terminals transmit Gaussian message-
bearing symbols where the net sum throughput per cell is
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equal to the sum of net throughput per terminal in units of
bits/sec/cell. The net throughput formula accounts for the total
bandwidth, frequency reuse factor, the pilot overhead (the ratio
of the time spent sending data to the total slot-length), and the
overhead of the cyclic prefix. The reverse link capacity is given
as:

K
Crsum = Zcrky (18)
k=1
where C; is net throughput per terminal (bits/sec/terminal)
and it is given as:

B Tslot - Tpilot Tu
o= (2] (2ot pilot ) (2w ) g0 (14 SIR,),
Cri (a)< Ton ><Ts> 0g2(1+ SIR:k)

19)
where B is the total bandwidth in Hz, « is the frequency reuse
factor, T§;0¢ is the slot length in symbols, T'pii0¢ is the number
of symbols used in transmitting reverse-link pilots, 7', is the
useful symbol duration, and T is the OFDM symbol interval,
SIR, is the signal-to-interference ratio.

On the other hand, the sum net throughput for the forward
link capacity is given as:

K
Cfsum = Z Ofka

k=1

(20)

where C' gy, is the net capacity per terminal (bits/sec/terminal)
and it is given as:

B Tslot - Tpilot Tu
== L — — |1 1 I .
Cru= (2) (Ttog o) () toga1 + 510

(21
The derived capacity in (18), (20) are random quantities
and they depend on the terminal positions and shadow fading.
The SIRy;, and SIR,) play a major role in determining the
achievable rates in the forward and reverse links, respectively.
Different processing schemes, such as the maximum ratio
combining (MRC), zero forcing (ZF) and MMSE have been
used to determine the effective SIR in different scenarios, such
as when the number of BS antennas tends towards infinity and
also when M > K under perfect CSI estimate and imperfect
CSI estimate. The expression (g) (Wg (%) from
(19) and (21) is considered the pre-log factor. The e){pression
loga(1 + SIR,y) is the achievable rate and denoted as Ry.
For the kth user in the jth cell the received signal can be
expressed as:

M K
Zik =YY giaitrie =g e+ D gia+n,
=1 1i=1 (177')76(]»]“)

(22)
where the term g;-“f = \/PalBj ikl ki2- - hjgala,
and it depends on the system model, with or without BS
cooperation. gf]’-“ is a complex term that is not known at the
user, hence the received symbol expression is rewritten as:

26 = E[g" g + )y, (23)

9

’ . . o, . . .
where x;, is the effective additive noise term and variance is

/ 2
given by var{n; } = var{gh} + 212G k) B Ug;?ll‘ } +1
From (23), the rate R;; suitable for any linear pre-coder is

expressed in [62] and in [27] using methods suggested in [22]
as:

2
[ [957]]

1+
L+var {giF} + X i2ix B [

Rjk = l0g2

2
g;'cll }
24

From (24) different linear pre-coding methods can be ap-
plied by changing the variance and the expectation terms.
In [11], using MRC, the achievable rates for a system with
unlimited number of BS antennas for UL rate and DL rate
were derived for simple cases where all pilots are being the

same in all cells as shown in (25). That is:

2

SIR.4 1, = 7;@2 ,

Zl;éj Kl

where SIR, 1, represents the SIR for reverse and forward

links and ( is the interference factor that accounts for path
loss and shadow fading, which is defined as:

(25)

Zjkl
Biw = 2=, (26)
r!
Jkl
where 7y is the distance between the kth terminal in the [th
cell and the BS in the jth cell, +y is the decay exponent and z
is a log-normal random variable, i.e the quantity 10log1o(z;x1)
is distributed zero-mean Gaussian with standard deviation of
Oshad [11]. However, (25) can be modified to account for

normalized factor in forward link pre-coding as:

2 /92
Bini/ o

L b
El;ﬁj 5?%1/0‘%1

where a2, = Y1, Bini + e

The set of lower bounds achievable rates of the UL trans-
mission for the kth user when BS antennas is much greater
than UTs, (i.e, M > K) in single- and multi-cell imperfect
scenario, was derived in [13] and summarized in Table III.
Noted from (25) and (27) , it can be seen that 8 and L play
important factors in spectral efficiency. When the number of
cell is one i.e L = 1, or § is reduced to zero, the equation of
multi-cell reduces to the single-cell multi-user system.

SIRy), = 27)

VI. METHODS FOR MITIGATION OF PILOT
CONTAMINATION

In this section, we review existing methods proposed to
eliminate or reduce the effects of pilot contamination in multi-
cell TDD systems considering full pilot reuse factor of 1. The
proposed methods have been classified into two categories
namely, pilot-based estimation approach and subspace-based
estimation approach. In the pilot-based approach, channels of
UTs are estimated using orthogonal pilots within the cell and
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TABLE III
SET OF COMPUTABLE ACHIEVABLE RATES FOR UL TRANSMISSION FOR THE kth USER IN MULTI-USER SYSTEM

[ Reference [ Linear method | Single-cell imperfect CSI

[ Multi-cell imperfect CSI |

T—r T(M—1)p2 T T(M—1)p2
[13] MRC 7 K loga (1 + T(K*l)Pﬁ,+(K+T)Pu+1> T Klogz (1 + T(Kfz—1+B([_/7l)(]\/f*Z))p%+[_/(K+T)pu+1)
T (M—K)p2, T—7 (M—K)p2
(13] ZF 7 K logz (1 + (K+‘r)pu+l> 7 Klogs <1 + K (L2 —LB+B—1)p2 + L(K+7)pu+1

non-orthogonal pilots across the cells while in the subspace-
based estimation approach, the channels of UTs are estimated
with or without limited pilots. The proposed methods under
the two categories are discussed as follows.

A. Pilot-Based Estimation Approach

A time-shifted protocol for pilot transmission was consid-
ered in [38], [94] to reduce pilot contamination in multi-user
TDD systems. The transmission of pilot signals in each cell is
done by shifting the pilot locations in frames so that users in
different cells transmit at non-overlapping times as shown in
Fig. 7. It was shown that pilot contamination can be eliminated
using the proposed scheme as long as pilots do not overlap in
time. The use of power allocation algorithms in combination
with the time-shifted protocol in [38] is shown to provide
significant gains. Although the method looks promising, a
major challenge in practice will be the control mechanism
needed to dynamically synchronize the pilots across several
cells so that they do not overlap. It is important to note that due
to the emergence of multi-tier heterogeneous cellular networks
and dynamic placement of small cells, there will always be
overlap in time and frequency somewhere in the network. The
authors in [84], [95] proposed a covariance aided CE method
by exploiting the covariance information of both desired and
interfering user channels. It was shown that in the ideal case
where the desired and the interference covariance span distinct
subspaces, the pilot contamination effect tends to vanish in the
large antenna array case. As a result, users with mutually non-
overlapping angle of arrival (AoA) hardly contaminate each
other. Based on the finding, a coordinated pilot assignment
strategy was proposed based on assigning carefully selected
groups of users to identical pilot sequences. Similar approach
was used in [85] for a cognitive massive MIMO system.
Although this method shows a significant reduction in inter-
cell interference and a corresponding increase in UL and DL
SINRs, in practice it might be difficult to implement because
it requires second order statistics of all the UL channels [96].

Cell 1 | Pilot |Pr0cessing| Downlink | Uplink |
Cell 2 | Downlink | Pilot |Processing| Downlink | Uplink |
Cell 3 | Processingl Downlink | Pilot | Uplink |

Fig. 7. Time shifted pilot scheme adapted from [38]

Wang et al. [97] proposed a spatial domain based method
with the main idea that spatial and/or temporal characteristics

of channel coefficient of different UTs are distinguishable -
for example AoA or direction of arrival (DoA). In addition,
the channel coefficient of strongest UL path is chosen as the
DL beamformer. Based on similar assumptions made in [95]
that the AoA of UTs are non-overlapping, an angular tunable
predetermined scheme or offline generated codebook is used to
match UL path and then used as DL beamvector with the aim
of avoiding leaked signals to UTs in adjacent cells. However,
in this method the coherence interval needs to be considered
while searching for the optimal steering vector to be used for
DL beamforming.

As a result of constraints from [95], Wang et al. [96] pro-
posed a pilot contamination elimination scheme, which relies
on two processing stages namely DL training and scheduled
UL training. In the DL stage, UT supported by each BS
estimates their specific DL frequency-domain channel transfer
functions (DL-FDCHTFs) from the DL pilots of the BS. In
the scheduled UL training stage, from each cell at a time, the
UTs use the estimated DL-FDCHTFs to pre-distort their UL
pilot symbols in which the uncontaminated DL-FDCHTFs are
‘encapsulated’ in the UL pilot symbols for exploitation at the
BS. Thereafter, the BS extracts all the DL-FDCHTFs of its
UTs from the received UL signals by eliminating UL pilot
signals of UTs from all other cells, hence, eliminating pilot
contamination. A major drawback of this scheme, as noted, is
the cost of overhead used in training, which in reality can
increase infinitely. In [27], the authors developed a multi-
cell MMSE-based pre-coding scheme, which accounts for the
training sequence allocated to all UTs in order to mitigate
pilot contamination problem. As a result, pre-coding matrix
at each BS is designed to minimize the sum of the mean-
square error of signals received at the UTS in the same cell
and the mean-square interference occurred at the UTs in other
cells. It was shown that the proposed method offers significant
performance gains and reduces the inter-cell and intra-cell
interference compared to conventional single-cell pre-coding
method. However, the proposed method assumes all the UTs
are the same without differentiating them based on channels.

Ashikhmin and Marzetta [98] proposed a pilot contamina-
tion pre-coding (PCP) method, which involves limited collab-
oration between BSs. In the PCP method, the [th BS shares
the slow-fading coefficient estimate with the other BS or to a
network hub, which computes the PCP pre-coding matrices.
The computed /th pre-coded matrices are then forwarded to
each corresponding BS for computation of the transmitted sig-
nal vectors through its M antennas. This process is performed
in the UL and DL. The effectiveness of this method lies in
the accuracy of the shared information from each BS and the
computation of PCP by the network hub. Further work on the
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PCP method [98] has been extended in [31] by proposing an
outer multi-cellular pre-coding called large-scale fading pre-
coding (LSFP) and large scale fading decoding (LSFD) in
the regime of a finite number of BS antennas. In [99], the
proposed methods are designed to maximize the minimum rate
with individual BS power constraints which delivers significant
improvement on the 5% outage rate compared to existing
methods in [31]. The summary of the pilot-based methods
and assumptions are shown in Table IV.

B. Subspace-Based Estimation Approach

The use of subspace-based CE techniques has been studied
in the literature and it is seen as a promising approach for
increased spectral efficiency because it requires no or very
limited number of pilot symbols for operation [100]. In this
approach, signal properties, such as finite alphabet structure,
fixed symbol rate, constant modulus, independence, and higher
order statistical properties can be used for CE. This approach
has been extended to CE in multi-cell TDD systems with
the aim of eliminating pilot contamination. CSI is obtained
in [101] by applying subspace estimation technique using
eigenvalue decomposition (EVD) on the covariance matrix
of the received samples but up to a scalar ambiguity. To
overcome this ambiguity, short training orthogonal pilots were
introduced in all the L cells. The EVD-based method is prone
to error due to the assumption that channel vectors between
the users and the BS become pair-wisely orthogonal when the
number of BS antennas M tends towards infinity. However,
in practice M is large but finite. To reduce these errors, the
EVD algorithm is combined with the iterative least-square
with projection algorithm of [102]. Results obtained shows
that the EVD method is not affected by pilot contamination
and performs better than conventional pilot-based techniques
but its accuracy depends on large number of BS antennas and
increased sampling data within the coherence time.

Further studies by [103]-[106] proposed a blind method
for CE in a cellular systems with power control and power-
controlled hand-off. The main idea is to find the singular value
decomposition of the received signal matrix and to determine
which system parameters in the subspace of the signal of
interest can be identified blindly using approximate analysis
from random matrix theory. Results from the algorithm show
that it is sufficient to know the subspace which the channel
vectors of interest span, in order to acquire accurate channel
estimates for the projected channel. However, the limitation
of this approach in practice is that the assumption that all
desired channels are stronger than all interfering channels does
not always hold. To overcome this limitation, Neumann et al.
[107] proposed a maximum a-posteriori (MAP) criterion for
subspace CE. The MAP method is shown to be more robust
and offers better performance than the blind method proposed
in [103]-[106] but with increased complexity.

Diagonal jacket-based estimation method with iterative
least-square projection was proposed in [108] for fast CE and
reduction of pilot contamination problem. The BS correlates
the received pilot transmissions which are corrupted by pilot
transmissions from other cells to produce its channel estimates.
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It is shown that as the geometric attenuation from neighboring
cells increases, the system performance of conventional pilot
based system degrades due to pilot contamination whereas the
diagonal jacket matrix is not affected. The summary of the
subspace-based methods and assumptions are shown in Table
V.

VII. SURVEY SUMMARY

In this section, we summarize the study on pilot contam-
ination analysis in massive MIMO TDD systems, common
techniques in elimination of pilot contamination, highlight the
open issues and possible future direction of research in pilot
contamination in massive MIMO systems. In addition, we also
discuss briefly the effect of pilot contamination in other related
technologies and identify research opportunities.

A. Pilot Contamination Analysis

The use of TDD scheme in massive MIMO is seen as a
better option when channel reciprocity is considered for CE.
However, the major constraint is coherence interval. The use
of non-orthogonal pilot signals in multi-cell introduces the
problem of pilot contamination. The effect of pilot contam-
ination is shown to be profound in multi-cell scenario with
high frequency reuse factor of 1. Some researchers advocate
the use of fractional frequency reuse to mitigate the effect
of pilot contamination. However, several other researchers
have proposed different techniques in reducing the effects of
pilot contamination for a reuse factor of 1. Majority of the
reviewed papers consider the worst-case scenario and uniform
distribution when analyzing the effects of pilot contamination.
Achievable lower bound rates have been derived based on
perfect and imperfect CE and for uniformly distributed UTs
in L number of cells with finite number of BS antennas.
Other possible causes of pilot contamination, such as hardware
impairment and non-reciprocal are also pointed out in existing
literature.

B. Common Techniques

Two mitigation techniques for pilot contamination are iden-
tified, which are pilot-based and subspace-based approaches.
In the pilot-based approach, coordination or protocol tech-
niques, such as time-shifted protocols for pilot transmission
[38], [94], and DL and UL protocol for pilot transmission
[96] are used. Other pilot-based approaches include AoA
technique, which exploits the covariance information of UTs
for CE [84], [95], [97] and pre-coding technique, used in
[27], [98] to minimize the interference between cells. In the
subspace-based approaches, blind and semi-blind approaches,
with single value decomposition of channels combined with
iterative least-square algorithm [101], [103]-[106] and MAP
[109] were proposed in the literature.

C. Open Issues

So far, we have discussed the effect of pilot contami-
nation and reviewed the proposed techniques in mitigating
the problem of pilot contamination. In the analysis of pilot
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SUMMARY OF PROPOSALS ON PILOT AIDED ESTIMATION APPROACH

[ Reference [ Proposed methods [ Topology/scenario [ Assumptions
[38], [94] Time shifted pilot scheme with Hexagonal cells with radius 1.6km, UTs UTs in one cell transmit pilot sequences
non-overlapping pilots across each cell uniformly distributed in each cell 100 simultaneously while UTs in other cells
meters away from BS. receive DL data
[84], [85], Covariance-aided channel estimation Hexagonal cells with radius 1km, UTs Individual covariance matrices can be
[95] method with pilot assignment strategy distributed uniformly at the cell-edge 800 estimated separately,
meters away from BS multipath AoA of desired UTs do not
overlap with that of interfering UTs
[96] DL training and scheduled UL training Hexagonal cells L=7, 4 UTs per cell and The pilot signals used by UTs in a given
scheme each BS with 50 antennas. cell are mutually orthogonal
[27] Multi-cell MMSE-based pre-coding Hexagonal cells L = 4, K = 2 users per The propagation factor {5} is
method cell, M = 8 antennas at BS non-negative and constant and known at
the BS and UT while {h;  ;,m} is
random variable and unknown
[98] Pilot contamination pre-coding (PCP) with Hexagonal L- cells, with large K - UTs, All signals transmitted to the kth UT of
limited collaboration between BS M antennas at BS, network hub that the Ith cell are accessible to BS across the
computes the PCP pre-coding matrices entire network,
slow-fading coefficients {35} can be
accurately estimated and made available to
all BS or alternatively to network hub
[97] Spatial domain based method Hexagonal cells L = 7 with radius 1km, DoA, AoA of UTs are non-overlapping
UTs distributed uniformly at the cell-edge
800 meters away from BS
TABLE V
SUMMARY OF PROPOSALS ON BLIND BASED ESTIMATION APPROACH
[ Reference [ Proposal [ Topology [ Assumptions

[101]

EVD-based Method for channel estimation
with iterative least-square with projection
(ILSP)

Hexagonal cells L = 3, each containing 3
UTs.

The channel vectors from different users
are orthogonal

[103]-[106]

SVD-based method - subspace projection

Different number of cells (L), coherence
time (C), receive antenna (R) and transmit
UT antennas are used across the papers.

The signal subspace of each cell is
orthogonal to the interference subspace
when M grows large

150, 500) and UTs (K=2,3) per cell

[108] Diagonal Jacket Matrix with iterative Hexagonal cells L = 5, UTs (K=2) per Propagation matrix between the interfering
least-square with projection ILSP cell and BS antennas (M= 10) cell and kth UT in target cell is i.i.d
[109] Maximum a-posteriori estimation (MAP) Hexagonal cells L = 7, BS antennas (M = Channel coefficient are mutually

independent for different UTs

contamination from reviewed literature, several assumptions
are made which are shown in Table IV and Table V. These
assumptions enable simplified models but may not accurately
model the impact of pilot contamination in real life scenario. A
good number of works have utilized certain special properties
of the channels, examples of which are, the channel covariance
matrices having a certain structure such as non-overlapping
AoA and DoA [84], [95], [97]. Such special properties can
lead to good performance in an ideal system where it is
assumed that the system exhibits the same channel structure.
However, in reality the channel structure may appear different.
For practical systems, mitigation techniques that take into
consideration the dynamic properties of the channel, need to be
exploited and not just limited to certain structures. Moreover,
the amount of pilot symbols for channel estimation is limited
by the coherence time of the channel and it becomes very
challenging to obtain good CSI quality when BSs are equipped
with massive MIMO antenna arrays. This poses a practical
challenge to cooperative and coordinated schemes due to
backhaul latency. Hence, the performance of these schemes
can be very sensitive to CSI errors due to outdatedness.

1) Training Overhead : The trade-off between the number
of pilot signals and spectral efficiency in any proposed method
is crucial in massive MIMO systems. In the pilot based

methods, the use of pilot signals for CE could result in waste
of channel bandwidth due to the duration occupied by training
symbols [45]. As an example, using techniques suggested
in [96] will lead to high training overhead. Although the
formula (18) and (20) helps determine the net throughput
for the system, however, there is a need to account for the
percentage of bandwidth consumed in existing techniques
used for pilot contamination. The implementation of subspace-
based approach suggests a better spectral efficiency since less
or no training overheads are incurred. However, there is a
need to determine if the subspace-based approach can achieve
sufficient CSI quality required for same target SINRs in the
pilot-based approach. Study from [110] has shown that the
use of EVD based CE under the subspace-based approach
is prone to error from imperfect orthogonalized channel re-
sulting from limited number of BS antennas. Moreover, the
subspace methods require additional techniques or information
to identify which eigenvector corresponds to which UT and
the assumption that all desired channels are stronger than all
interfering channels does not always hold in practical systems.

2) Deployment Scenario : The study and effect of pilot con-
tamination has been examined using the worst-case scenario in
which UTs are considered to be symmetrically distributed and
uniform in all cells. In addition, uncorrelated Rayleigh fading
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channel model has been mostly used for performance eval-
uation especially in deriving achievable rates of the massive
MIMO systems in the presence of pilot contamination. Using
such assumptions leads to model simplicity and formation of
simplified closed-form analysis for the achievable rates which
is probably optimistic. Findings from measurement results in
[12] have shown that channels in massive MIMO are not
i.i.d and thus there is a performance loss compared to ideal
channels. Also majority of the work assumed that the large-
scale fading coefficients do not depend on the antenna index
m of a given BS because typically, the distance between a
UT and BS is significantly larger than the distance between
BS antennas [31].

There is a need to investigate the effect of pilot contamina-
tion using a more realistic channel model for large MIMO sys-
tems by considering statistical channel properties, in particular
the spatial-temporal-frequency correlation properties and the
role of large-scale fading. Recent works have considered the
role of large-scale fading in massive MIMO systems. As noted
by Gao et al. [111], system performance can be affected when
large arrays experience large scale fading such as shadowing
effects. This makes antenna elements contribute unequally to
the overall system performance. Hence, the Kronecker and
Toeplitz assumptions on the fading and spatial correlation
properties of large arrays cannot be well characterized. The
variations in large-scale fading coefficients over the massive
MIMO antenna array on sum-capacity of massive MIMO
systems are taken into consideration in [112], [113]. The work
carried out by Yang et al. [113] suggests that large-scale
fading will have a significant effect on the capacity of the
system under both perfect and imperfect CSI especially in the
urban scenario. Channel measurement should be carried out
to capture the properties of the real channel in order to come
out with a more realistic model [114]. Furthermore, real-world
cellular environment is extremely challenging where UTs have
widely varying gains with cell-edge UTs experiencing the
largest amount of other-cell interference. Hence using the
worst-case scenario in pilot contamination only represents a
degree to which the system is affected and does not give a
true picture of a dynamic system as presented in [15], [115].

3) Computational Complexity and Cost : The cost of both
end-user mobile phone and the BS as noted in [116] are very
sensitive. The added cost and complexity for advanced signal
processing algorithms for elimination of pilot contamination in
massive MIMO needs to be considered carefully. It is expected
that massive MIMO will be more demanding in terms of signal
processing than conventional systems although UTs can be as
simple as today or even more simpler using the key properties
of maximum ratio transmission and combining (MRT)/MRC.
As noted in [65], [117], linear pre-coding techniques and CE
methods such as LS and MMSE involve high computational
complexity owing to the fact that complicated matrix inversion
of a large dimension is required. Hence, there is a need for less
complex pre-coding techniques and CE methods. While some
of the proposed methods to mitigate pilot contamination sound
promising theoretically, there is a need to evaluate their perfor-
mance by considering the trade-off between its accuracy and
complexity. This will require further research in implementing
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and testing of the proposed models in realistically deployed
massive MIMO systems.

4) The Use of Channel Reciprocity : Majority of the mitiga-
tion techniques for pilot contamination in a multi-cell system
reviewed in this paper are based on the assumption that the
physical forward and reverse channels are reciprocal. However,
as noted in [23], [118] the DL channel is not reciprocal to the
UL channel due to random phase and amplitude difference
in the RF hardware. In view of this, the proposed mitigation
techniques, either pilot-based or subspace-based approach,
need to consider calibration schemes such as an internal
or relative calibration scheme as proposed in [119], [120].
Considering the calibration technique in mitigation of pilot
contamination will provide a more realistic approach to pilot
mitigation in massive MIMO system.

D. Broader Perspectives

Since CSI is an important topic in wireless communication
and pilot training remains one of the most widely used
methods, we survey the effect of pilot contamination in other
technologies such as heterogeneous network (HetNet) and in-
band full-duplex (IBFD) MIMO systems. Furthermore, we
also discuss the effect of pilot contamination in the coexistence
of massive MIMO in a multi-tier network [121] and IBFD
technology with massive MIMO [122]-[124].

1) Heterogeneous Network : Multi-tier HetNet has been
identified as a key technology in the architecture for 5G
cellular networks [5], [125], [126]. According to Hossain and
Hasan [5], 5G cellular will be a multi-tier HetNet consisting
of macro-cells along with a large number of low power
nodes such as small cells access points (SCAs), relays, remote
radio heads along with the provisioning for point-to-point
(such as device-to-device and machine-to-machine) communi-
cation. The low power nodes are primarily added to increase
capacity in hot spots (indoors and outdoors), especially in
areas which are not covered by the marco-cells. They also
provide improved network performance by off-loading data
from the macro-cells. The major issues identified in multi-tier
network are complexity of network planning and co-channel
interference (CCI).

The deployment of the small nodes are dynamic and unpre-
dictable compared to the macro/micro cells and it introduces
CCI from overlapping network tiers which in turn reduces
the system performance across tiers. Channel estimation in
the presence of CCI is bound to affect the system perfor-
mance. Two channel assignment mechanisms for multi-tier
network: dedicated channel and shared channel have been
identified [127]. In the dedicated channel, the overlay network
occupies a dedicated frequency band while in the shared
channel configuration, the overlay tier of the network shares
the entire frequency band with the underlying infrastructure.
In the shared channel configuration, the users of both macro
and low power nodes use the same frequency bands for UL
and DL communication. The shared channel mechanism is
considered as a better way of sharing resource in the HetNet
[128]. However, the shared channel can suffer from significant
interference compared to the dedicated channel. The pilot
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signals used for channel estimation in the TDD mode between
target UT and BS is not only contaminated by the neighboring
macro cells, but also by the surrounding low power nodes
which are within the coverage area.

The coexistence of massive MIMO with small cells access
point is seen as a promising solution in a two-tier HetNet
to improve network performance [7], [121]. In [121], the
SCAs serve the static and low mobility UTs while the excess
antennas at the BS are used to serve the macro UTs (MUTs)
and at the same time to play the role of wireless backhaul to
the SCAs. Interference from the UTs as they try to connect to
the SCAs or macro BS is bound to cause pilot contamination
during the training phase. To overcome this problem, a reverse
TDD mode can be used, i.e. the BS is in DL mode when the
SCAs operate in UL, and vice versa. While majority of the
studies have focused on pilot contamination in homogeneous
networks, there is a need for more research work on pilot
contamination in HetNets. Novel pilot mitigation techniques
and resource allocation will be needed in multi-tier network
compared to existing methods such as the fractional pilot reuse
and coordination among the multi-cell and multi-tier network
due to varying transmit power and traffic load imbalance.

2) In-Band Full-Duplex MIMO systems : The concept of
IBFD in which terminals (eg. BS, relays, or mobiles) transmit
and receive simultaneously over same frequency band at the
same time has the potential of doubling the spectral efficiency.
The IBFD takes advantage of full-duplex transmission either in
bidirectional or unidirectional communication and the advan-
tages it offers over the TDD and FDD half-duplex schemes
have been discussed in [129]. The history of IBFD dates
back to the 1940s as discussed in [130] and recently, it has
garnered lot of research interest because it is considered as a
key technology for future wireless networks [131] especially
in the shift towards small-cell systems [130]. Although most
research work focused on full-duplex relay, the concept has
also been extended to other areas such as cellular networks,
access points, cognitive radio, HetNet and wireless network
virtualization. IBFD with large MIMO has been studied in
[122]-[124].

To achieve full-duplex, the terminal has to sufficiently
suppress the significant self-interference (SI) that results from
a power leakage between the transmit and receive antennas
to below the receiver noise floor [132]. The SI enters the
receiver through direct crosstalk, limited antenna isolation and
reflections through the environment [133]. Studies from [130],
[131], [134] show that SI cancellation can be categorized
in three domains: analog-circuit domain, digital-domain and
propagation-domain. The mitigation techniques can further be
divided into two categories: passive suppression and active
cancellation. Each cancellation technique can either operate
in channel-aware or channel-unaware manner based on how
well they adapt to environmental effect. Several mitigation
techniques for SI have been proposed by various researchers
and they are well documented in [122]-[124]. The cancellation
techniques proposed in the digital-domain requires accurate
knowledge of the SI channels and delays in order to cancel
out the direct and reflected SI. We discuss the issue of
pilot contamination in the digital-domain cancellation because
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known pilot signals are used to eliminate the residual linear
and non-linear components of the ST [132], [135].

The digital-domain cancellation is considered as the last
line of defense, where it is expected to cancel the SI left over
from the propagation-domain and analog-circuit-domain can-
cellation approaches [130]. In the digital-domain cancellation,
two processes are involved: estimating the SI channel; and
using the channel estimate on the known transmit signal to
generate digital samples to subtract from the received signal
[135]. The CE process as described by authors in [135],
[136] requires training symbols to be sent by the transmitter
to estimate the SI. The self-interference training symbol is
being received after transmission from the same radio. The
received training symbol can be contaminated either by an-
other interfering transmitter present during the CE phase, non-
linear distortions in the RF circuit, coherence time of the SI
channel or I/Q imbalance [135], [137]. The pilot contamination
affects the accuracy of the CE and the effects of CE errors on
self-interference mitigation performance in IBFD have been
studied in [136] where a lower bound on the self-interference
mitigation residual caused by channel estimation errors was
formulated.

The management of interference in IBFD massive MIMO
systems is expected to become significantly more complex due
to interference that exists in a massive MIMO system when
a pilot reuse factor of 1 is adopted and the SI that results
from the IBFD. Hence a robust algorithm and mitigation
technique for pilot contamination will be required in IBFD
massive MIMO systems. This could lead to high complexity
and computational cost.

E. Future Trends

A lot of research activities are on going in 5G network, the
choice of TDD mode or FDD mode is still debatable. TDD
systems seem promising because they operate on the same
carrier frequency and the physical forward and backward chan-
nels are considered reciprocal [138]. Evaluation of proposed
methods based on complexity and cost is likely to pave way
for new optimized methods in mitigating pilot contamination
in TDD systems. Although the worst-case scenario have been
extensively studied, the effect of pilot contamination in a
dynamic or real-world system is likely to attract further studies
by considering more deployment scenarios. Possible extension
is to investigate the effects of pilot contamination in a multi-
cell network by providing performance analysis based on
Poison Point Process and stochastic geometry. New methods
in mitigating pilot contamination in massive MIMO systems
with heterogeneous UTs requires more research work (see e.g,
[139], [140]).

Significant amount of work focused on the impact of pilot
contamination on system performance based on achievable
rates, spectrum efficiency and EE. More work is expected on
how pilot contamination influences the performance of the sys-
tem based on quality-of-service. Furthermore, novel methods
on mitigation of pilot contamination are expected for multi-
cell systems that offer higher performance per users in terms
of bit/s/Hz when a frequency reuse factor of 1 is employed. In
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addition, such methods are expected to take into consideration
all sources of pilot contamination and not just limiting it to
the non-orthogonal reuse training sequence. This would be
beneficial to modeling massive MIMO systems for real-life
scenarios. More research effort is required in mitigation of
pilot contamination in the coexistence of massive MIMO in
multi-tier heterogeneous network and practical implementation
of IBFD massive MIMO systems.

VIII. CONCLUSIONS

In this paper, an overview of TDD and FDD schemes in
massive MIMO systems is presented. We have analyzed the
impact of pilot contamination in TDD massive MIMO systems
through published work. Different methods for mitigating
pilot contamination due to limited coherence time proposed
by various authors are reviewed. We have also categorized
the proposed methods based on the approach used in es-
timating channel information, i.e, pilot-based and subspace-
based approaches. It is observed that majority of the proposed
mitigation methods assume channel reciprocity, whereas in
a practical system hardware impairments and non-reciprocal
transceivers can be sources of pilot contamination. In addition
we have explored some broader perspectives, such as pilot
contamination in in-band full-duplex system and HetNet. We
have also discussed the open issues in pilot contamination and
possible future direction of research in pilot contamination in
TDD massive MIMO systems.

APPENDIX

ACRONYMS and TERMS

3GPP - 3rd generation partnership project
AoA - angle-of-arrival

BS - base station

CP - conventional time-multiplexed pilot scheme
CCI - co-channel interference

CE - channel estimation

CSI - channel state information

DoA - direction-of-arrival

DL - downlink

EE - energy efficiency

EVD - eigenvalue decomposition

FDD - frequency division duplex

HetNet - heterogeneous network

IBFD - in-band full-duplex

I/Q - quadrature imbalance

i.i.d - independent and identically distributed
LSFD - large scale fading decoding
LSFP - large-scale fading pre-coding
M2M - machine-to-machine

MAP - maximum a-posteriori

MIMO - multiple input multiple output
MU-MIMO - multi-user MIMO

MMSE - minimum mean square error
MRC - maximum ratio combining

MRT - maximum ratio transmission
MVU - minimum variance unbiased

RF - radio frequency
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SI - self-interference

SIC - Successive interference cancellation
SCAs - small cells access points

SIMO - single-input multiple-output

SIR - signal to interference ratio

SIP - superimposed pilot scheme

SINR - signal-to-interference-plus-noise ratio
SVD - singular value decomposition

TB - training-based

TDD - time division duplex

UL - uplink

UTs/MS - user terminal or mobile station
ZF - zero forcing

kth - the kth UT in K UTs

mth - the mth antenna in M

lth cell - one of the cells in the L cells

pq - average power during transmission at the BS
Py, - average power during transmission at the UT
B - inter-cell interference factor

T - pilot training length

K- total number of UTs

L- total number of cells

M- total number of BS antennas
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