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Abstract: Massive Multiple-Input Multiple-Output (MIMO) technology, hailed as a cornerstone for next-generation cellular networks, has
been marred by the challenge of pilot contamination, which was widely believed to impose a finite limit on network capacity. This research
reevaluates this notion, employing Multi-Cell Minimum Mean Square Error (MC-MMSE) precoding and combining techniques. Unlike
previous studies relying on rudimentary models and suboptimal strategies, we demonstrate that capacity in Massive MIMO networks grows
infinitely as the number of antennas, M, increases. By ensuring asymptotically linearly independent covariance matrices and employing
MC-MMSE, both uplink and downlink spectral efficiencies were observed to rise without bounds. Our findings, supported by extensive
simulations, challenge prior assumptions, paving the way for harnessing the full potential of Massive MIMO technology, even in the face
of pilot contamination. This research fundamentally alters our understanding of the capacity limits in Massive MIMO networks, opening
new avenues for higher spectral efficiency and unbounded network performance.
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1. Introduction

The Shannon capacity of a channel serves as an indicator of
the spectral efficiency (SE) it can support. The utilisation of
Massive ~ MIMO  (multiple-input  multiple-output)
technology results in an improvement of the overall spectral
efficiency of cellular networks by employing spatial
multiplexing techniques to accommodate a significant
number of user equipment (UEs) within each cell [2], [27].
Consequently, it is widely recognised as a crucial time
division duplex (TDD) technology that holds significant
utility for the next generation cellular networks
[11,[31,[41,[25]. The fundamental difference between the
Massive MIMO and standard multi-user MIMO is each base
station (BS) has the large number of antennas M, radio-
frequency chains to process the signals independently.
When channel estimations are used for coherent receive
combining, the uplink signal strength of a specified User
Equipment (UE) is amplified by a factor designated as M.
Simultaneously, this approach leads to a reduction in the
power of both noise and independent interference. The user
has provided references in the form of numerical citations
[6],[19]. The aforementioned concept is also applicable to
downlink transmit precoding. The utilization of uplink pilot
signalling is necessary for obtaining channel estimations,
and due to the limited availability of pilot resources dictated

! Department of ECE, Vels Institute of Science, Technology and Advanced
Studies, Chennai, India.

2 Department of ECE, Vels Institute of Science, Technology and Advanced
Studies, Chennai, India.

3 Department of ECE, Vel Tech Multi Tech Dr. Rangarajan Dr.
Sakunthala Engineering College, Chennai, India.

* Corresponding Author Email: abddulaleemm@gmail.com

by the channel coherence time, it becomes necessary to
reuse the same pilots across multiple cells [14]. The channel
estimates utilization in for coherent receive combining
results in an enhancement of the uplink signal strength of a
selected User Equipment (UE) by a factor M, concurrently
diminishing the noise strength and independent interference
[1] [19]. The aforementioned concept is also applicable to
downlink transmit precoding. The phenomenon of pilot
contamination gives rise to two significant outcomes.
Firstly, the quality of channel estimation is compromised
due to the interference caused by the presence of pilots [33].
Secondly, the channel estimate of a desired user equipment
(UE) is influenced by the channels of other UEs that are
causing interference, as they share the same pilot. In the
context of maximum ratio (MR) combining/precoding,
considering identically distributed independent (i.i.d.)
Rayleigh fading channels, it has been shown in references
[1] and [2] that the interference caused by these user
equipment’s (UEs) while transmitting data is amplified by a
factor M. This suggests that as the number of users, denoted
as M, approaches infinity, the presence of pilot
contamination leads to a limited spectral efficiency. The
limit for a greater number of antennas has also been
explored in other approaches of combining/precoding, such
as the least mean squared error (MMSE) [8]. The authors in
references [5], [6], and [7] examined the concept of Single-
Cell Minimum Mean Square Error (SC-MMSE), while the
concept of Multi-Cell Minimum Mean Square Error (MC-
MMSE) was explored in references [8] and [9]. The key
differentiation lies in the utilization of channel estimates by
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the base station (BS) in MMSE of a multi-cell scenario
(MC-MMSE) as well as for MMSE of a single-cell (SC-
MMSE) scenario. Specifically, in MC-MMSE, the BS
incorporates channel estimates obtained from all user
equipment’s (UEs) within the network, while in SC-MMSE,
the BS solely relies on channel estimates acquired from the
UEs present within its own cell. In the context of
independent and identically distributed (i.i.d.) Rayleigh
fading channels, which do not exhibit spatial correlation, it
has been demonstrated that the spectral efficiency (SE)
converges to a finite value as the number of antennas (M)
approaches infinity. Certain specific instances of spatially
correlated fading can result in the formation of covariance
matrices that are rank deficient, as indicated by references
[10] and [12]. However, in the case where the user
equipment’s (UEs) sharing the pilot with orthogonal support
exhibit covariance matrices with rank deficiency, the
phenomenon of pilot contamination gradually diminishes as
the spectral efficiency (SE) increases without bounds [11].
By considering that every element of arbitrary covariance
matrices A;A, must be zero, as:
a ¢ d
a=[g ) 4= £ ];]
Representing the real covariance matrices of two arbitrarily
positioned User Equipment’s (UEs) as instances of a
random variable having a continuous distribution, then the
occurrence of the first element in it ad + cf* = 0 happens
with a probability of zero [35]. Consequently, the
occurrence of orthogonal support is highly unlikely in
practical scenarios, albeit it may be observed in exceptional
instances. According to references [10] and [12], the
uniform linear arrays (ULAS) single-ring model suggests
that if the angular support in channels is non-overlapping,
orthogonal support is expected. However, reference [13]
presents ULA microwave calculations that indicate practical
channels do not exhibit orthogonal support and instead
exhibit a high degree of irregularity. Practical covariance
matrices, particularly at microwave frequencies, are
observed to lack orthogonal support [11]

@

In the existing literature, a range of methodologies have
been identified and referred to as pilot decontamination,
which aim to address the issue of pilot contamination. In the
context of covariance matrices, category one involves the
allocation of pilots to user equipment’s (UEs) with the
objective of identifying pairings that exhibit significant
differences in  support  [10],[11],[12],[14]. The
aforementioned approach has the potential to effectively
mitigate pilot contamination. However, it is important to
note that the finite limit can only be eliminated under
exceptional  circumstances, specifically  while the
covariance matrices hold a support that is orthogonal in
nature. The category number two of techniques makes use
of semi-blind estimation to differentiate the channel

subspace of the targeted UE from the channel subspace of
the interfering signals [15], [16], [17], [19]. In the scenario
where both M and the channel coherence block size
approach infinity, it has been observed that this technique
has the potential to eliminate pilot contamination entirely
[14],[16],[18]. In practice, the channel coherence is limited
and cannot accommodate unique pilots for each cell, posing
challenges in approaching this limit. The third type utilizes
more than one pilot phases with distinct sequences of pilot
in order to progressively mitigate pilot contamination, as
evidenced by references [20], [21], and [33], without relying
on statistical data. Nevertheless, the total duration of the
pilot exceeds or equals the integer value of the count of User
equipment’s (UEs), enabling the allocation of mutually
orthogonal pilots to all UEs. Consequently, this approach
effectively resolves the issue of pilot contamination. The
current approach lacks scalability when applied to
expansive cell networks. Pilot contamination precoding, the
fourth category of precoding, is a technique that effectively
mitigates interference by enabling coherent shared
transmission and reception throughout the whole network
[22], [23]. The proposed approach appears to offer the
potential for generating an unlimited spectral efficiency
(SE). However, it should be noted that this claim has not
been conclusively demonstrated and relies on the
assumption that complete user equipment (UE) data is
accessible at each base station (BS). It is important to
acknowledge that this requirement may not be feasible or
practical in real-world scenarios.

In summary, pilot contamination is a fundamental concern
that imposes a constraint on the achievable spectral
efficiency, unless under exceptional circumstances of
extreme nature. This study illustrates that the observed
phenomenon can be attributed primarily to the prevalence
of  investigating  suboptimal  combining/precoding
techniques, such as Maximum Ratio Combining (MRC) and
Successive Cancellation Minimum Mean Square Error (SC-
MMSE), while focusing on idealized independent and
identically distributed (i.i.d.) Rayleigh fading channels, as
previously explored in the literature [8] & [9] on MC-
MMSE. In the context of pilot contamination, it has been
exhibited that the utilization of MC-MMSE
combining/precoding leads to an unbounded increase in
spectral efficiency (SE) when the pilot-sharing user
equipment  (UEs)  possess  asymptotically-linearly
independent covariance matrices [22], [35]. It is important
to highlight that the vectors [abc] Tand [de f] T in (1) are
linearly independent if they are non-parallel, which is
typically the situation for covariance matrices that are
randomly generated. Consequently, our findings are
contingent upon a condition that is highly likely to be
fulfilled in practical scenarios, representing the general case.
In contrast, prior studies on the asymptotic aspects of
Massive MIMO have predominantly investigated special

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(3), 18601868 | 1861



circumstances that are improbable in practical settings. In
contrast to prior research, this study does not employ
multicell cooperation and does not necessitate support of
orthogonality for covariance matrices.

We can refer paper [24] which presents a demonstration of
a scenario involving a two-user uplink, which yields similar
findings. This study aims to validate the findings within a
broader scope, encompassing both uplink and downlink
scenarios. Section 1l presents a generalization of the
findings to a configuration involving multiple cells. Section
Il of the document presents the numerical data, whereas
Section 1V provides a concise summary of the significant
conclusions.

In this academic discourse, it is pertinent to discuss the topic
of notations. In the context of matrix Z, it is conventionally
understood that the lowercase letter z represents a vector.
The superscripts ZT, Zt, and Z" denote the transpose,
inverse, and Hermitian (conjugate-transpose) of the matrix
Z, respectively. The Frobenius norm of matrix Z is denoted
as ||Z||F. The identity matrix is represented as I. The complex
Gaussian random vector with mean m and covariance R is
denoted as V' (m, R).

2. Spectral Efficiency of a Multi-User System

This analysis shall help us to examine a Massive MIMO
network consisting of L cells, and each cell composes of a
Base Station (BS) equipped with a total of M antennas,
serving K User Equipments (UEs) [13], [29]. The received
signal at base station j is given as: y;(y; € cM)

yj =Xl 2, Johpx + n; 2

where p indicates the normalized transmit power, for the i*"
UE in Ith cell, x;; stands for the unit power. hj;; ~Ng(0,A;;;)
is the channel, n; is the noise at the base station. Using the
uplink pilot power pt of every user along with estimation
methods as in [7], the estimate of j™ base station can be
given as:

L

I _ -1

hjli_ jlinli Zhjl’i
j,

1
+ ﬁnﬁ ~Ne(0, ;) 3)
i i -1 - L=
where nj; is the noise, Qj; Z%’ﬂAﬂ’ﬁ‘%lM and @,

A;;:(Qi Aji) » the error of estimation is independent of Hﬂi
It can be estimated as, hj; =hj;; —hj;~Ne(0,Ay —
®;;;), all the UE estimates can be correlated E {ﬁjnih]'-“‘mi } =
Aini (Q5i" Ajmi)-

2.1. Calculating Uplink Data Transmission

The lower bound capacity in the uplink, as described
interferences [5] and [26], can be expressed as:

sEft = (1-2)Bllog,(1+ v} @

The metric denoted as bits per hertz (bits/Hz) is utilized to
quantify the spectral efficiency, while the effective signal-
to-interference-plus-noise ratio (SINR) is employed to
assess the quality of the received signal.
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(6)

Where ]E{|ﬁj|} is the conditional expected channel estimate
value for base station j. The SINR (Signal-to-Interference-
plus-Noise Ratio) expressed in equation (6) can be
optimized to achieve maximum effectiveness for user k
within cell j.

s ~ -1~
Vie = (Zic 2 by bl +Z;) Thyg ()

The proposed approach can be referred to as the
optimization of the receive combine scheme for MC-
MMSE. With minor modifications, it can also be adapted
for the SC-MMSE combiner.

~ ~ = -1~
vie= (2. hjy bl +7Z;) hyy (8)

The algorithmic complexity for a MC-MMSE method is
more compared to the SC-MMSE method, as stated in
reference [9]. Apart from this distinction, both schemes rely
on channel estimates that are computed at the base station.
Additionally, the pilot overheads are similar in nature, as the
pilots serve the purpose of estimating both intra and inter
cell channels.

By substituting the value of (7) into equation (6), we obtain
the following result:

Vi = N (Canzcimo hu bl +Z) 7y, ©
Under the assumption that, as M — oo
jo L i, Tim infy —tr(Az;) > 0 and lim supyy||A |[2<o0.

It can be postulated that the signal-to-interference-plus-
noise ratio (SINR) exhibits an unbounded increase as the
number of base station antennas (M) approaches infinity,
regardless of the existing contamination of pilots. There is
a distinct disparity to the finite limit discussed in MR [6], as
well as other single-cell combining techniques [1], [5], [7].
This distinction arises from the undeniable ability of M-
MMSE to effectively attenuate the interference, which is
coherent and results from contamination of pilots, given that
certain assumptions are met. The covariance matrices {Aji:
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I=1, 2, ..., L} generated by the channels associated with the
User Equipment (UE) devices that utilize the same pilots
and transmit to the base station j are linearly independent.
This condition can also be extended to the roughly
calculated channels {ﬁjkl:l =1,...,L} In a more
comprehensive framework, where hjjk exhibits asymptotic
linear independence from the estimated channels of all pilot-
interfering UEs, it is worth noting that certain estimates of
interfering channels can be represented as linear and straight
combinations of additional interfering channels [23].

Let Sjk be defined as a subset of the interfering channel
estimates, where Sjk is a subset of the set Sy € {h ki VI #
j }- The combining vector calculation in equation (7), only
the estimates within this subset are considered. Another
noteworthy observation is that the received combined vector
has become orthogonal to the range of values it achieved
through Sjk with multi-cell zero forcing (MC-ZF) [28]. The
aforementioned procedure demonstrates unlimited spectral
efficiency when condition M approaches infinity. The
system maintains its array gain as M increases and
effectively mitigates interference caused by all user
equipment (UE), including those originating from Sjk. The
arrangement can be represented as a:

Hje(H jiH ji)7tey (10)

In this context, el refers to the first column, while ij

ij =

represents the matrix with ﬁ]-]-kas the first column and the

remaining columns containing channel estimates. The
utilization of M-MMSE combining has been identified as
the most effective technique, thereby implying that it
possesses an unlimited spectral efficiency when employed
in conjunction with MC-ZF, as stated in reference [28].

2.2. Calculating Downlink Data Transmission
Let us now consider the downlink data transmission
scenario, in which BS from cell n transmits the signal x,, =

VP I Wini, 6ni~Ng(0,A;) is the data signal
considered for UE i, and the standardized power is given as
p?" This signal serves the actual purpose of transmitting the
precoding vector w,; where it has to meet the condition

where it has to meet the condition E {||wm-||2} = 1, so that
it equals the standardized power allocated to that particular
E {||Wni||2} =p®.  The methods
employed in [5],[26] for the channel capacity at downlink
of UE k of cell j can be lower bounded by  SEf} =

(1-2)loga(1+ vii)

UE, resulting in

with bits/Hz as units.

|Eh w1
Thi=1 Zi5s (D pewni 2= E(Ih w23+ — dn

(11)

dl _
Yijk =

Y4 Jk has the dependency on all precoding vectors {wxi}. As
there is a need of selective precoding, it can ideally be done
by collaboratively selecting across cells, making precoding
optimization problematic in practice. Using uplink-
downlink duality as in [9], It is fair to choose
{wni}depending on the MC-MMSE combining vectors
depending on the MC-MMSE combining vectors {v;, } as
in [32]. With this MC-MMSE precoding can be given as:

Wik =\ VjkVjk = UJ (Z Z hjmhjl_vlu
+Z1) h]]k (12)

Under the assumption that,

as M —> oo Vjniliminfy, = tr( ni) >0 and lim

supy ||A jni||2 < 0, if MC-MMSE precoding is used then the
SINR y; increases without any bound. Regardless of the
inferior assumptions made in precoding in M-MMSE,
uniform power allotment, and not estimating the immediate
understanding of the precoded channels, all UEs in the
network achieve an asymptotically no bound downlink SE
[22]. The sole condition to satisfy is the estimates of channel
for the intended user equipments (UES) must not have any
linear dependency from the pilot contaminating UES
channel estimates that are located in neighboring cells. The
numerical illustration that the downlink SE rises with no
bound as M—wo is done in this section.

2.3. Achievable SE Calculation with MC-MMSE
Combining and Precoding

If the base station (BS) lacks familiarity in matrices of
covariance, a different approach for estimation of channel
involves independently estimating every entry of hy,
disregarding the inter relation the elements have. The
element or component-wise minimum mean square error
(EW-MMSE) estimator, as described in reference [30], is
obtained by utilizing solely the principal diagonals of
matrices Al and A2. Efficient diagonal calculation can be
achieved using a limited quantity of samples, without the
necessity for the sample size to increase with M [30], [32].
The MC-MMSE scheme, when employing the covariance
matrix diagonals, exhibits unbounded growth as the value of
M approaches infinity. To ensure simplicity and
accommodate spatial limitations, we will focus on the
uplink scenario for detecting the kth user equipment (UE) of
cell j. This detection can be achieved by utilizing the
approximate combining vector of minimum mean square
error (MC-MMSE).

]k - (Z ]ll ]lz +§; ) h (13)
SEjp = (1 - —) log,(1+ Y% where, S; =
21 2Dy — Dy Dyy) + WIM is the diagonal
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matrix, the diagonal elements Dj; and A; allow EW-
MMSE estimate to have a far lower computing complexity
than MMSE estimation. The combining strategy described
in equation (13) can be implemented without requiring
knowledge of the complete channel covariance matrices.
This is possible because the strategy relies solely on the
diagonal elements of Aj; and the separately estimated Bﬂi
elements, without considering spatial channel correlation
[34]. The lower bound SE for kth UE of cell j can be
expressed as: [bits/Hz] where,

Vi
|E€v by i} |2

1 2
b B EQVhul?) ~ EQVikhye 2} + —or v |

The underlying premise in this context is to solely utilize the
diagonal elements of covariance matrices for the purposes
of channel-estimation and receive-combining. This
assumption can be substantiated by employing MC-MMSE
combining. Based on the previously conducted calculations,
it has been observed that the signal to interference plus
noise-ratio (SINR) value y},‘( experiences an unbounded
growth as the quantity of antennas (M) advances towards
infinity. In order to attain an unrestricted uplink spectral
efficiency (SE) and consequently an infinite capacity, it is
necessary for the diagonals of the covariance matrices to be
asymptotically linearly independent and for them to be
known at the base station (BS) [27]. The aforementioned
criterion is commonly satisfied due to the fact that even
small stochastic changes in the components of the
covariance matrix are adequate for establishing the property
of asymptotic linear independence.

3. Results and Discussion

Let us commence by contrasting three techniques employe
d for the generation of channel covariance matrices and the
resulting spatial correlation.

1) A Uniform Linear Array (ULA) having antenna
spacing of half of the wavelength and average valued
large-scale fading B is represented by a single-ring
model. 6 being the angle of arrival (AOA) and
uniformly distributed scatters with an angular interval
of [0 —A, 6 + A], the (X, y) th element of A'is [Alxy =
ﬁfA em’(x—y)sin(9+6)d5_

2074

2) The ULA model of exponential correlation factor r €
[0,1] among neighboring antennas, P, the average
large-scale fading and 6 being the angle of arrival
(AOA), leading to [A] x,y = Bri*~¥Iei(x=8),

3) Over the array, uncorrelated Rayleigh fading with
average large-scale fading and independent log-normal
large-scale fading fluctuations.

3.1 Uplink

We analyze the difficult symmetric arrangement with L = 2
cells, each cell having K = 2 UEs, pilots with duration t,, =
K, and coherence slabs/blocks of 7, = 200channel uses.
The base stations (BSs) are strategically positioned at the
four corners of the region, while the user equipment (UE) is
in close proximity to the cell borders. The AoAs (Angles of
Arrival) and distances between the UEs and BSs are
comparable, although not identical. Consequently, the level
of pilot contamination is significantly elevated in this
configuration.

—O— MC-MMSE /
SC-MMSE
[ RZFC 1
o zZFC ¥
—O— MRC /
£

o

Average sum SE [bit/s/Hz/cell]
s

10' 10° 10°
Number of antennas (M)

Fig. 1. Uplink SE as a function of M

The graph showcases (Figure 1) the spectral efficiency per
cell for various transmission schemes, namely MC-MMSE,
SC-MMSE, MRC, and MC-ZF. It is observed that these
schemes vyield similar spectral efficiency values when the
number of antennas (M) is 10. However, a significant
disparity becomes apparent as M increases. The findings
presented in this study indicate that there is a positive
correlation between the slope of the curve for MC-MMSE
and the number of M per UE. The remaining combining
strategies are not capable to reduce the coherent interference
resulting from of User Equipments (UEs) from
neighbouring cells, as they approach their finite asymptotic
boundaries. Figure 2 illustrates the logarithmic
representation of the uplink spectral efficiency per user
equipment (UE) as a relation of the quantity of antennas,
considering the exponential correlation model with a
correlation coefficient of 0.5.

the asymptotic behaviour of the spectral efficiency. In the
pilot and data transmission, the SNR average value recorded

i Ul (A s
near the BS antenna is put to be equal: () _

phtr(Ajni)
M

In case of intracell UE’s the average valve of SNR is
observed around -6.8 dB and it lies between -7.5 dB and -12
dB for interfering UE’s in adjacent cells. MC-MMSE gives
a spectral efficiency that increases without bound. The SE
exhibits a linear growth pattern when plotted on a
logarithmic scale along the horizontal axis. The immediate
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effective Signal to Interference plus Noise-Ratio (SINR)
exhibits a linear relationship with the parameter M.

Due to the similarity of the channel estimations,
comprehensive interference  suppression results in
significant degradation of the desired signal. The MC-
MMSE technique, however, reveals a significant balance
between reducing interference and effectively combining
the desired signal, leading to enhanced spectral efficiency.

MC-MMSE
1.8 | |- %= SC-MMSE
—8—MRC

16 O MC-ZF
Single Cell |

Spectral efficiency [bit's/Hziuser]

Um' 107 10

Number of antennas (M)
Fig. 2 Standard error of uplink as a function of M, for
exponential correlation model for covariance matrices.

In order to mitigate the issue of pilot contamination, the
reference curve known as "Single Cell" is designed to
specifically cater to a scenario where the four cells are
actively operating within separate coherence blocks. The
utilisation of MMSE combining is implemented as a result
of the inclusion of an additional pre-log factor of 1/4.
Consequently, the spectral efficiency (SE) exhibits
unbounded growth, albeit at a slower pace compared to MC-
MMSE. Consequently, even in the case of a small system
with a parameter L equal to 4, the avoidance of pilot
contamination through single cell approaches can be
deemed inefficient. Next, we inspect the non-related
Rayleigh-fading-type, which assumes that there are non-
dependent large-range fading variations across the array.
Figure 3 illustrates the up-link spectral efficiency (SE) using
M = 200 antennas, with standard deviations varying from 0
to 5. In the event that o = 0, representing the exceptional
scenario where the covariance matrices exhibit linear
dependence, it can be observed that the MC-MMSE
technique does not offer any distinct benefits when
compared to the SC-MMSE or MRC methods. This
particular occurrence has garnered significant attention
within scholarly communities, predominantly due to its
capacity to streamline mathematical examination.

Nevertheless, when moving away from the scaled identity
type by incorporating minute changes in the large-range
fading across the array, resulting in linearly independent
covariance matrices, the MC-MMSE method demonstrates
notable performance benefits compared to SC-MMSE and
MRC techniques. As the variances increase, the standard
error (SE) with MMSE channel assessment improves at a

faster rate compared to the SE with zero forcing (ZF)
channel estimation, eventually converging to a similar level.
The MC-ZF scheme is unlikely to achieve superiority due
to the fact that the MC-MMSE scheme is considered
maximum. The inspiration for our simulation is derived
from the calculated data provided in reference [29], which
presents significant difference of approximately 4 dB across
a massive MIMO-array with a standard deviation of
approximately 4.

3.2 Downlink

The achieve same SNR the setup for downlink is similar to
that of uplink. The configuration includes spatial channel
interrelation and large-scale changes throughout the
arrangements made as array. We assume a combination of
the  exponential correlation model: [Alyy =

Lriy—xleiy=x)810Ux+/y)/20 the correlation factor includes r
=0.5 and AOA(0).

5

MC-MMSE
4.5 [ | MG-ZF 1
= = 5C-MMSE o]
4f|—s—mre | re

35} “o

Spectral efficiency [bit's/Hz/user]

0 0.5 1 1.5 2 25 3 35 4 4.5 5
Standard deviation of fading variations over the array

Fig. 3 Standard deviation of the uplink SE, considering
large-scale fading variations.

5 MMSE estimation
MC-MMSE
O MC-ZF
= = -5C-MMSE
—&— MRC

45r

at

=
w o
a

Spectral efficiency [bits/Hz/user]
L]
28
\
*
1
1
1
-

10 10¢ 10°
Number of antennas (M)
Fig. 4 Standard error of downlink with M as the function
using MMSE estimator with full covariance information.

The values of the function f exhibit significant independent
variations across the entire array, with a standard deviation
of 6 = 4. Figure 4 illustrates the connection among the
downlink spectral efficiency and the quantity of antennas,
denoted as M, when employing the minimum mean square
error (MMSE) estimator with complete channel covariance
matrices.

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(3), 18601868 | 1865



EW-MMSE estimation

Estimated MC-MMSE £
4.5 O MC-ZF "
= -#="Estimated SC-MMSE

4 |[—e—MRC

Spectral efficiency [bit's/Hzluser]

10’ o 10 ) ”10‘

Number of antennas (M)
Fig. 5 EW-MMSE calculator with knowledge of covariance
matrices diagonals.

The findings depicted in Figure 4 exhibit a resemblance to
those illustrated in Figure 3, which pertains to the uplink
scenario. The spectral efficiencies (SEs) achieved by multi-
carrier minimum mean square error (MC-MMSE) and
multi-carrier zero-forcing (MC-ZF) techniques exhibit
unbounded growth, while the SEs attained by single-carrier
minimum mean square error (SC-MMSE) and maximum
ratio combining (MRC) methods range to finite boundaries.
In disparity to the up-link, the downlink implementation of
both MC-MMSE and MC-ZF precoding techniques is
considered suboptimal. However, it is worth noting that
these two methods exhibit asymptotic equivalence. The
aforementioned behavior is also evident in the case of EW-
MMSE, as depicted in Figure 5. As a suboptimal estimator,
it fails to account for the off-diagonal elements present in
covariance matrices.

4. Conclusion

In contrast to previous research findings suggesting the
presence of a finite limit, our study provides evidence of
such capacity in massive-MIMO systems exhibits
unrestricted growth as the quantity of antennas (M)
approaches infinity, particularly in the context of
contamination of pilots. The study successfully
demonstrated that the implementation of MC-MMSE
precoding/combining results in an unbounded increase in
the typical lower limits on capacity. These schemes exploit
the linear non-depending covariance matrices, as well as the
linear independence of the MMSE-channel estimations of
UEs which make use of the same pilot. The auto-correlation
matrices may possess full rank, and minimal fluctuations in
eigenvalues are adequate for our conclusions to remain
valid. In specific scenarios, it has been observed that the
channel covariance matrices exhibit linear correlation.
However, it has been noted that these matrices are not robust
against minor perturbations in their covariance structure
[34]. Consequently, these anomalies are considered highly
improbable occurrences that are unlikely to manifest in real-
world scenarios or be selected from a random sample,
despite their extensive scrutiny in scholarly publications.

The finite limit of the SE of MRC, also referred to as
conjugate/combined beamforming or matched filtering,
suggests that this approach is generally not asymptotically
appropriate in the context of Massive MIMO [31]. It is
imperative to acknowledge that our research findings do not
imply the absence of the pilot contamination effect. While
there remains a decline in performance attributable to
estimation errors and interference rejection, the fundamental
capacity constraint is no longer observed. Due to the
simplifications inherent in the capacity lower bounds
examined, it is deemed that the linear MC-MMSE technique
is adequate in practical scenarios, wherein interference
could be treated like noise at the receivers.

References

[1] E. G. Larsson, F. Tufvesson, O. Edfors, and T. L.
Marzetta, ‘“Massive MIMO for next generation
wireless systems,” IEEE Commun. Magazine, vol. 52,
no. 2, pp. 186-195, Feb. 2014.
doi: 10.1109/MCOM.2014.6736761

[2] T.L.Marzetta, “Noncooperative cellular wireless with
unlimited numbers of base station antennas,” IEEE
Trans. Wireless Commun., vol. 9, no. 11, pp. 3590—
3600, Nov.
2010. doi: 10.1109/TWC.2010.092810.091092

[3] Amany Mohamed Saleh,Mahmoud Mohamed
Elmesalawy,Korany Mahmoud,lbrahim Ismail
Ibrahim  “Beamforming for 5G  Cellular

Communications with Analyzing the Linear and
Circular Polarized Antenna Arrays Gain Effect”
Progress In Electromagnetics Research C, Vol. 119,
201-217, 2022 doi:10.2528/PIERC22022205

[4] J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A.
Lozano, A. C. K.Soong, and J. C. Zhang, “What will
5G be?” IEEE J. Sel. Areas Commun., vol. 32, no. 6,
pp. 1065-1082, Jun. 2014. doi:
10.1109/JSAC.2014.2328098

[5] J. Hoydis, S. Ten Brink, and M. Debbah, “Massive
MIMO in the UL/DL of cellular networks: How many
antennas do we need?” IEEE J. Sel.Areas Commun.,
vol. 31, no. 2, pp. 160-171, Feb. 2013.
doi:10.1109/JSAC.2013.130205

[6] K. Guo, Y. Guo, G. Fodor, and G. Ascheid, “Uplink
power control with MMSE receiver in multi-cell MU-
massive-MIMO systems,” in Proc. IEEE ICC, 2014,
pp. 5184-5190. doi:10.1109/ICC.2014.6884144

[71 N. Krishnan, R. D. Yates, and N. B. Mandayam,
“Uplink linear receivers for multi-cell multiuser
MIMO with pilot contamination: large system
analysis,” IEEE Trans. Wireless Commun., vol. 13, no.
8, pp. 43604373, Aug. 2014,
doi: 10.1109/TWC.2014.2320914

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(3), 18601868 | 1866


https://doi.org/10.1109/MCOM.2014.6736761
https://doi.org/10.1109/TWC.2010.092810.091092
http://dx.doi.org/10.2528/PIERC22022205
https://doi.org/10.1109/JSAC.2014.2328098
http://dx.doi.org/10.1109/JSAC.2013.130205
http://dx.doi.org/10.1109/ICC.2014.6884144
https://doi.org/10.1109/TWC.2014.2320914

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

H. Ngo, M. Matthaiou, and E. G. Larsson,
“Performance analysis of large-scale MU-MIMO with
optimal linear receivers,” in Proc. IEEE Swe-CTW,
2012, pp. 59-64. doi: 10.1109/Swe-
CTW.2012.6376290

X. Li, E. Bjornson, E. G. Larsson, S. Zhou, and J.
Wang, “Massive MIMO with multi-cell MMSE
processing: Exploiting all pilots for interference
suppression,” EURASIP Journal on Wireless
Communications and Networking, no. 117, Jun. 2017.
doi: 10.1186/s13638-017-0879-2

H. Yin, D. Gesbert, M. Filippou, and Y. Liu, “A
coordinated approach to channel estimation in large-
scale multiple-antenna systems,” IEEE J. Sel. Areas
Commun., vol. 31, no. 2, pp. 264-273, Feb. 2013.
doi:10.1109/JSAC.2013.130214

A. Adhikary, J. Nam, J.-Y. Ahn, and G. Caire, “Joint
spatial division and multiplexing—the large-scale
array regime,” IEEE Trans. Inf. Theory, vol. 59, no.
10, pp. 6441-6463, Oct. 2013. doi:
10.1109/T1T.2013.2269476

L. You, X. Gao, X.-G. Xia, N. Ma, and Y. Peng, “Pilot
reuse for massive MIMO transmission over spatially
correlated Rayleigh fading channels,”IEEE Trans.
Wireless Commun., vol. 14, no. 6, pp. 3352—-3366, Jun.
2015. doi: 10.1109/TWC.2015.2404839

X. Gao, O. Edfors, F. Rusek, and F. Tufvesson,
“Massive MIMO performance evaluation based on
measured propagation data,” IEEE Trans. Wireless
Commun., vol. 14, no. 7, pp. 3899-3911, Jul. 2015.
doi: 10.1109/TWC.2015.2414413

M. Li, S. Jin, and X. Gao, “Spatial orthogonality-based
pilot reuse for multi-cell massive MIMO
transmission,” in Proc. WCSP, 2013. doi:

10.1109/WCSP.2013.6677139

H. Q. Ngo and E. Larsson, “EVD-based channel
estimations for multicell multiuser MIMO with very
large antenna arrays,” in Proc. IEEE ICASSP, 2012.
doi: 10.1109/ICASSP.2012.6288608

R. Muller, L. Cottatellucci, and M. Vehkapera,
“Blind pilot decontamination,” IEEE J. Sel. Topics
Signal Process., vol. 8, no. 5, pp. 773-786, Oct. 2014.
doi: 10.1109/JSTSP.2014.2310053

D. Hu, L. He, and X. Wang, “Semi-blind pilot
decontamination for massive MIMO systems,” IEEE
Trans. Wireless Commun., vol. 15, no. 1, pp. 525-536,
Jan. 2016. doi:10.1109/TWC.2015.2475745

H. Yin, L. Cottatellucci, D. Gesbert, R. R. M"uller, and
G. He, “Robust pilot decontamination based on joint
angle and power domain discrimination,” IEEE Trans.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Signal Process., vol. 64, no. 11, pp. 2990-3003, Jun.
2016.doi: 10.1109/TSP.2016.2535204

J. Vinogradova, E. Bjornson, and E. G. Larsson, “On
the separability of signal and interference-plus-noise
subspaces in blind pilot decontamination,” in Proc.
IEEE ICASSP, 2016.
doi: 10.1109/ICASSP.2016.7472312

J. Zhang, B. Zhang, S. Chen, X. Mu, M. El-Hajjar, and
L. Hanzo, “Pilot contamination elimination for large-
scale multiple-antenna aided OFDM systems,” IEEE J.
Sel. Topics Signal Process., vol. 8, no. 5, pp. 759-772,
Oct. 2014. doi: 10.1109/JSTSP.2014.2309936

T. X. Vu, T. A. Vu, and T. Q. S. Quek, “Successive
pilot contamination elimination in multiantenna
multicell networks,” IEEE Wireless Commun. Lett.,
vol. 3, no. 6, pp. 617-620, Dec. 2014. doi:
10.1109/LWC.2014.2361518

A. Ashikhmin and T. Marzetta, “Pilot contamination
precoding in multicell large scale antenna systems,” in
IEEE International Symposium on Information Theory
Proceedings (ISIT), 2012, pp. 1137-1141.doi:
10.1109/1S1T.2012.6283031

L. Li, A. Ashikhmin, and T. Marzetta, “Pilot
contamination precoding for interference reduction in
large scale antenna systems,” in Allerton, 2013, pp.
226-232. doi: 10.1109/Allerton.2013.6736528

E. Bjornson, J. Hoydis, and L. Sanguinetti, “Pilot
contamination is not a fundamental asymptotic
limitation in massive MIMO,” in Proc. IEEE ICC,
2017. doi: 10.1109/ICC.2017.7996674

Jose, J., Ashikhmin, A., Marzetta, T.L., Vishwanath,
S.: Pilot contamination and precoding in multi-cell
TDD systems. IEEE Trans. Commun. 10(8), 2640-
2651 (2011) doi: 10.1109/TWC.2011.060711.101155

T. L. Marzetta, E. G. Larsson, H. Yang, and H. Q. Ngo,
Fundamentals of Massive MIMO. Cambridge
University Press, 2016.
https://doi.org/10.1017/CB09781316799895

Goldsmith, A., Jafar, S., Jindal, N., Vishwanath, S.:
Capacity limits of MIMO channels. IEEE J. Sel. Areas
Commun. 21(5), 684-702 (2003).
doi:10.1109/JSAC.2003.810294

Bjornson, E., Larsson, E., Debbah, M.: Massive
MIMO for maximal spectral efficiency: How many
users and pilots should be allocated? IEEE
Trans.Wireless Commun. 15(2), 1293-1308 (2016)
doi: 10.1109/TWC.2015.2488634

X. Gao, O. Edfors, F. Tufvesson, and E. G. Larsson,
“Massive MIMO in real propagation environments:
Do all antennas contribute equally?”IEEE Trans.

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(3), 18601868 | 1867


http://dx.doi.org/10.1109/Swe-CTW.2012.6376290
http://dx.doi.org/10.1109/Swe-CTW.2012.6376290
https://jwcn-eurasipjournals.springeropen.com/articles/10.1186/s13638-017-0879-2
https://doi.org/10.1109/JSAC.2013.130214
https://doi.org/10.1109/TIT.2013.2269476
https://doi.org/10.1109/TWC.2015.2404839
https://doi.org/10.1109/TWC.2015.2414413
http://dx.doi.org/10.1109/WCSP.2013.6677139
http://dx.doi.org/10.1109/ICASSP.2012.6288608
http://dx.doi.org/10.1109/JSTSP.2014.2310053
https://doi.org/10.1109/TWC.2015.2475745
https://doi.org/10.1109/TSP.2016.2535204
https://doi.org/10.1109/ICASSP.2016.7472312
https://doi.org/10.1109/JSTSP.2014.2309936
https://doi.org/10.1109/LWC.2014.2361518
https://doi.org/10.1109/ISIT.2012.6283031
https://doi.org/10.1109/Allerton.2013.6736528
http://dx.doi.org/10.1109/ICC.2017.7996674
https://doi.org/10.1109/TWC.2011.060711.101155
https://doi.org/10.1109/JSAC.2003.810294
https://doi.org/10.1109/TWC.2015.2488634

[30]

[31]

[32]

[33]

[34]

[35]

Commun., vol. 63, no. 11, pp. 3917-3928, Nov. 2015.
doi: 10.1109/TCOMM.2015.2462350

N. Shariati, E. Bj ornson, M. Bengtsson, and M.
Debbah, “Lowcomplexity polynomial channel
estimation in large-scale MIMO with arbitrary
statistics,” IEEE J. Sel. Topics Signal Process., vol. §,
no. 5, pp. 815-830, Oct. 2014. doi:
10.1109/JSTSP.2014.2316063

C. Sun, X. Gao, S. Jin, M. Matthaiou, Z. Ding, and C.
Xiao, “Beam division multiple access transmission for
massive  MIMO communications,” IEEE Trans.
Commun., vol. 63, no. 6, pp. 2170-2184, Jun. 2015.
doi: 10.1109/TCOMM.2015.2425882

E. Bjornson, L. Sanguinetti, and M. Debbah, “Massive
MIMO  with  imperfect channel covariance
information,” in Proc. ASILOMAR, 2016. doi:
10.1109/ACSSC.2016.7869195

S. Haghighatshoar and G. Caire, “Massive MIMO
pilot decontamination and channel interpolation via
wideband sparse channel estimation,” CoRR, vol.
abs/1702.07207, 2017. doi:
10.1109/TWC.2017.2760825

S. Loyka, “Channel capacity of MIMO architecture
using the exponential correlation matrix,” IEEE
Commun. Lett., vol. 5, no. 9, pp. 369-371, Sep. 2001.
doi: 10.1109/4234.951380

R. Couillet and M. Debbah, Random matrix methods
for wireless communications. Cambridge University
Press, 2011. online ISBN 9780511994746

International Journal of Intelligent Systems and Applications in Engineering

IJISAE, 2024, 12(3), 18601868 | 1868


https://doi.org/10.1109/TCOMM.2015.2462350
https://doi.org/10.1109/JSTSP.2014.2316063
https://doi.org/10.1109/TCOMM.2015.2425882
https://doi.org/10.1109/ACSSC.2016.7869195
https://doi.org/10.1109/TWC.2017.2760825
https://doi.org/10.1109/4234.951380

