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Abstract: In this paper, we study the problem of achieving the wireless performance of the minimum mean square error (MMSE)
receiver with the maximum ratio (MR) combiner for massive multiple-input multiple-output (MIMO) systems in the frequency bands
of 2.5 GHz and 28 GHz. We propose a new pilot mapping method to jointly estimate the channel state information of the user
of interest and reduce the interference effects of multiuser multicell mobile scenarios. By transmitting fewer pilots in the uplink
communications, and arranging those pilots to reduce interuser interference, we can achieve higher spectral efficiency (SE) with
the MR and MMSE receivers. The achievable SE of the proposed method was studied with the MR combiner and the MMSE
receiver. Numerical results show that the combination of the proposed pilot mapping strategy, Kalman filtering estimation, and
MR combining results in an SE comparable to that of the MMSE receiver, requiring significantly fewer floating-point operations for
MIMO processing.

1 Introduction

The growing demand for wireless communications demands a suit-
able mobile infrastructure capable of addressing higher data rates.
This fundamental wireless issue, as a physical layer problem, gives
us the need to provide ever-increasing total wireless throughput
reliably and uniformly throughout a designated area [1]. The fifth-
generation (5G) of mobile communications, commonly known as
New Radio (NR), has been developed to fulfill these needs through
massive multiple-input multiple-output (MIMO) systems. In the
uplink (UL), the MIMO channel hardening property enhances the
quality of channel estimation [2]. In the downlink (DL), the beam-
forming gain enhances the channel capacity since it helps to send
out concentrated wireless radiation beams to every user equipment
(UE) in the cell. To get the maximum benefits of using massive
MIMO systems, the base station (BS) needs to estimate an accu-
rate channel state information (CSI) of the propagation environment
to combine the received signal in the reverse link (UL), and precode,
the transmitted signal in the forward link (DL) [3].

Coherent wireless systems use reference signals (pilots) to per-
form channel estimation. Specifically, there is the need to reuse pilots
between cells, which wreaks pilot contamination. This effect limits
the performance of massive MIMO systems due to intra- and inter-
cell interference that cannot be rejected solely with the addition of
more antennas at the BS [4]. Another effect that reduces the wire-
less performance is the thermal noise at the receiver, especially for
high path loss scenarios like those in the millimeter-wave (mmWave)
band, where the received signal is in a deep fade. Therefore, it is nec-
essary to overcome these effects in the estimation process to get an
accurate CSI, rejecting the interference effects, thereby increasing
the spectral efficiency (SE) [3].

In the work of [5], the maximum-ratio (MR) combiner is
described as an algorithm that maximizes the received signal power,
even the interference power, whereas the minimum mean squared
error (MMSE) receiver maximizes the signal-to-interference-plus-
noise ratio (SINR) at the BS. However, the latter requires a sig-
nificant amount of complex operations due to the need for matrix
inversion operations. On the other hand, the MR combiner requires
a few complex operations but compromises the wireless performance
in interference-limited scenarios.

According to Sanguinetti et al. [6], the MR combiner is a simple
MIMO technique that cannot filter out coherent interference, and the
MMSE receiver can partially filter the coherent interference, namely,
the interference provoked by pilot contamination. This work also
shows that the multicell MMSE (M-MMSE) receiver mitigates both
intra- and inter-cell interference, resulting in a SE that scales with
the number of antennas at the BS. In contrast, MR and MMSE are
limited by the pilot contamination effect. However, both techniques
require fewer complex operations than the M-MMSE receiver at the
cost of lower SE [7]. However, the BS can estimate the CSI of the
user of interest, and interferent users that use distinct pilot sequences
only when the pilot reuse factor is greater than one, this limits the use
of the M-MMSE receiver in high dense multi-cell scenarios [3].

In summary, the M-MMSE receiver has demonstrated to be the
optimal combining method in scenarios with coherent and nonco-
herent interference. However, it is conditioned to get an accurate
estimation of the interfering channel at the same time the channel
of the user of interest is estimated. Another constraint is that the M-
MMSE receiver requires an infeasible amount of complex operations
for real-time operation, which limits the practical use of this receiver.
Thus, simple linear MIMO techniques like MR and MMSE receivers
are a common choice. Therefore, the MIMO processing problem
is reduced to minimizing the complexity of the M-MMSE receiver
or increasing the performance of the MR and MMSE receivers. In
either case, an accurate CSI of the user of interest is required.

Additionally, in this study, we consider the case of mmWave
frequencies. According to Akdeniz et al. in [8], at mmWave fre-
quencies, the omnidirectional path loss is around 20 to 25 dB higher
than the path loss at below 6 GHz (sub6-GHz) frequencies. How-
ever, with the reduced wavelength of mmWave signals, the path loss
is compensated with the antenna gain that hundreds of antennas in a
small array can produce at mmWave frequencies. Furthermore, the
high beamforming gain also allows reducing not just the path loss
effects, but also the delay and Doppler effects.

In this paper, we introduce a novel pilot mapping strategy to
jointly estimate the channel of an intended UE while reducing the
interference effects provoked by UEs inside the cell of interest and
neighboring cells. This method relies on the mapping of pilots in a
quarter of the resource elements (REs) of the orthogonal frequency
division multiplexing (OFDM) symbol used for pilot transmission,
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and the arrangement of those pilots to reduce the interuser inter-
ference. This shift in the pilot transmission between REs allows to
obtain an accurate CSI of the desired UE, therefore increasing the
SE.

Perfect CSI is not considered at the BS, so the estimation of the
CSI of the intended channel was performed with the least-squares
(LS) and the Kalman Filter (KF) techniques. Additionally, we con-
sider realistic sub6-GHz and mmWave channels, the effect of limited
mmWave scattering and large tightly packed arrays, fully- and par-
tially connected hybrid structures, and a cyclic prefix orthogonal
frequency division multiplexing (CP-OFDM) communication based
on the Third Generation Partnership Project (3GPP), Release 15
specifications [9]. The contributions of this work are summarized
as follows:

• We provide a pilot mapping strategy that allows us to accurately
estimate the CSI of the user of interest while reducing coherent and
noncoherent interference effects to achieve higher SE.
• For sub6-GHz and mmWave operation frequencies, we tested the
performance of MR processing with KF channel estimation when
the proposed pilot mapping strategy is used for channel estimation
considering frequency-selective channels. Due to the effectiveness
of the KF estimation to remove the effects of noise in signals with
high path loss, the MR processing achieves the performance of the
MMSE receiver, requiring significantly less complex operations.
• Considering fully digital and hybrid beamforming arrays, we pro-
vide an analysis of the performance of the MR and MMSE receivers,
in terms of the achievable SE and the number of complex opera-
tions required when the proposed interfering channel estimation and
rejection strategies are used.

The remainder of this work is organized as follows. Section 2
presents the system model and related variables. The proposed pilot
mapping and channel estimation methods are outlined in Section 3.
In Section 4, the numerical results of the proposed solutions are
presented and discussed. Finally, concluding remarks are given in
Section 5.

Notation: Scalars are denoted in lower case. Bold upper case and
lower case denote matrices and vectors, respectively. For any general
matrix or vector, xT represents the transpose, and xH the Hermitian
transpose. We use diag (G1, . . . , G=) to represent a diagonal matrix
whose diagonal elements are the corresponding components from
matrix X. IN is an identity matrix of dimension N, whereas 1N is an
all-ones vector of dimension N. ‖.‖F represents the Frobenius norm
operator. The expectation and variance operators are denoted by E [.]
and V [.], respectively. Finally, a circular symmetric complex Gaus-
sian stochastic vector is written as x ∼ CN

(
`x, f2

x
)

with mean `x

and variance f2
x .

2 System model

We consider a multicell multiuser massive MIMO system with !

cells, where each cell has a BS equipped with " antennas, and
 randomly located UEs, each equipped with #t antennas, as is
illustrated in Fig. 1. We assume the BSs share the same band of fre-
quencies and the same set of  pilot sequences. We assume each cell
operates according to the time-division duplexing (TDD) protocol,
which is synchronized across the cells.

In Fig. 2, we show a fully digital massive MIMO BS, capable of
spatially multiplexing multiple users. A dedicated radio frequency
(RF) chain is available for each antenna at the BS, and the "-
antennas are divided into ' subarrays, each comprising #r antennas.
With this arrangement, the number of UEs that can be spatially mul-
tiplexed (simultaneously served) at each BS is upper bounded by
 ≤ '. We consider that fully digital beamforming is available only
for sub6-GHz frequencies. However, for the mmWave band, we con-
sider hybrid beamforming structures, such as the partially- and fully
connected hybrid array structures, as is illustrated in Fig. 3.

Fig. 3 shows the block diagram of a mmWave BS for partially and
fully connected hybrid beamforming structures, considering the UL

Massive MIMO BS Border of the cell

User

kth UE

jth BS
lth Cell

Cell

Fig. 1: Multi-user multi-cell massive MIMO scenario.

and DL processing. In hybrid array structures, there are fewer RF
chains than antennas at the BS since MIMO combining and precod-
ing processing is divided into analog and digital domains. Therefore,
the number of RF chains available for a hybrid structure is ' < " .
For a partially connected hybrid array structure, each RF chain is
mapped to a subarray of #r antennas trough analog RF precoders
(phase shifters and gain control units); hence, there are '#r = "
phase shifters. For a fully connected hybrid array structure, each
analog RF precoder is mapped to " antennas at the BS. Thus, this
structure requires '" phase shifters [10, 11]. According to Ahmed
et al. [12], the beamforming gain for the fully-connected structure
is 'log (') higher in terms of the SE than the partially-connected
structure, with ' times more power consumption.

The block diagram on the left-hand side of Fig. 3, shows the
hybrid array structure for the UL communication, where the "

antennas at the BS are divided into ' subarrays of #r receiving
antennas where MIMO combining is performed. The block diagram
on the right-hand side of Fig. 3 shows the hybrid array structure for
the DL communication. In this case, the " antennas at the BS are
divided into ' subarrays of #t transmitting antennas where MIMO
precoding processing is performed.

2.1 Uplink training

 UEs in each cell independently transmit data signals to their
respective BS. However, those signals can be received at the BSs
in neighboring cells. As is illustrated in Fig. 2, the transmitted signal
from user : in cell ; to the BS 9 , is given by 5 9;: [B] = f 9;: [B]B 9;: ,
where B 9;: represents the subcarrier data symbol for B = 1, . . . , (.
We assume the data symbols transmitted by each UE are statisti-
cally independent. On the other hand, we assume the transmitted : Cℎ
UE data symbol is precoded, therefore f 9;: [B] represents the #t × 1
precoding vector. Precoding for the sub6-GHz band is assumed to
be fully digital, whereas, for the mmWave band, we assume hybrid
precoding is required.

The precoding vector f 9;: [B] is equivalent to

f 9;: [B] =
{

fBB 9;:
[B], for the sub6-GHz band

FARF 9;
fBB 9;:

[B], for the mmWave band,
(1)
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Fig. 2: Simplified block diagram of a multi-user massive MIMO system. The BS performs spatial multiplexing to serve simultaneously  users.
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Fig. 3: Simplified block diagram of a multi-user mmWave system for partially and fully-connected hybrid array structures.

where fBB 9;:
[B] denotes the #t × 1 fully-digital baseband (BB) pre-

coder, and FARF 9;
is the #t × #t matrix of the RF analog precoder at

the A Cℎ subarray of the 9 Cℎ BS in the ;Cℎ cell [13].
Given that there are  users per cell, throughout the paper, we use

the subscript 8 instead of : , for 8 = 1, 2, . . . ,  , to denote the user of
interest, and its corresponding precoding vector and channel matrix.
Additionally, we consider cell 9 as the cell of interest. Accordingly,
the BCℎ subcarrier received signal yA

9 9
[B] at the A Cℎ subarray of the

9 Cℎ BS in cell 9 , represented as a #r × 1 vector, is given by

yA9 9 [B] =
√
d 98HA9 98 [B]f 9 98 [B]B 9 98︸                         ︷︷                         ︸

desired signal

+
 ∑

:=1 :≠8

√
d 9:HA

9 9:
[B]f 9 9: [B]B 9 9:︸                                       ︷︷                                       ︸

intra-cell interference

+
!∑

;=1, ;≠ 9

 ∑
:=1

√
d;:HA

9;:
[B]f 9;: [B]B 9;: + nA9 9 [B]︸                                                       ︷︷                                                       ︸

inter-cell interference plus noise

, (2)

where HA
9 98
[B] and HA

9 9:
[B] are the #r × #t channel matrices

between the A Cℎ subarray of the 9 Cℎ BS, and the 8Cℎ and : Cℎ UEs in
cell 9 , respectively, whereas HA

9;:
[B] is the #r × #t channel matrix

between the : Cℎ UE in the ;Cℎ neighbor cell and the A Cℎ subarray of
the 9 Cℎ BS in cell 9 . d 98 and d 9: denote the transmission power of
the 8Cℎ and : Cℎ UEs in cell 9 , respectively, whereas d;: denotes the
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transmission power of the : Cℎ UE in the ;Cℎ cell. nA
9 9
[B] is the #r × 1

vector characterized as i.i.d. CN
(
0, f2

9A

)
noise at the A Cℎ subarray

of the 9 Cℎ BS in cell 9 . Assuming orthogonal pilots are used for
UL training with the  spatially multiplexed UEs at the 9 Cℎ BS in
cell 9 , the intra-cell interference becomes non-coherent interference.
On the other hand, assuming a cell frequency reuse factor 5 = 1,
pilot sequences used by UEs in neighbor cells provoke coherent
interference to the UL training of the 9 Cℎ BS in cell 9 [6, 13–15].

Nevertheless, the received signal yA
9 9
[B] in (2) is only true

for fully-digital massive MIMO BSs, for f 9;: [B] = fBB 9;: [B]. At
mmWave frequencies, considering a hybrid beamforming structure,
the received signal yA

9 9
[B] at the A Cℎ subarray of the 9 Cℎ BS in cell 9

is given by WA
RF 9 9

yA
9 9
[B], where WA

RF 9 9
is the #r × #r matrix of the

RF combiner at the A Cℎ subarray of the 9 Cℎ BS in cell 9 [13].
Each BS uses the estimated CSI of the 8Cℎ UE to perform MIMO

combining and precoding. The combining operation for fully digital
massive MIMO systems is written as

B̂ 9 98 = wH
9 98 [B]y

A
9 9 [B]

=
√
d 98wH

9 98 [B]H
A
9 98 [B]f 9 98 [B]B 9 98

+
 ∑

:=1,:≠8

√
d 9:wH

9 98 [B]H
A
9 9:
[B]f 9 9: [B]B 9 9:

+
!∑

;=1,;≠ 9

 ∑
:=1

√
d;:wH

9 98 [B]H
A
9;:
[B]f 9;: [B]B 9;:

+wH
9 98 [B]n

A
9 9 [B], (3)

where B̂ 9 98 is the combined symbol, transmitted by the 8Cℎ UE at the
9 Cℎ BS in cell 9 , and w 9 98 [B] is the corresponding #A × 1 combining
vector. The combining operation is considered as fully-digital for the
sub6-GHz band and hybrid for the mmWave band. For the mmWave
band, the combining operation is given by

B̂ 9 98 = wH
9 98 [B]W

AH
RF 9 9

yA9 9 [B]

=
√
d 98wH

9 98 [B]W
AH
RF 9 9

HA9 98 [B]f 9 98 [B]B 9 98

+
 ∑

:=1,:≠8

√
d 9:wH

9 98 [B]W
AH
RF 9 9

HA
9 9:
[B]f 9 9: [B]B 9 9:

+
!∑

;=1,;≠ 9

 ∑
:=1

√
d;:wH

9 98 [B]W
AH
RF 9 9

HA
9;:
[B]f 9;: [B]B 9;:

+wH
9 98 [B]W

AH
RF 9 9

nA9 9 [B] . (4)

Hence, w 9 98 [B] is equivalent to

w 9 98 [B] =
{

wBB 9 98
[B], for the sub6-GHz band

WA
RF 9 9

wBB 9 98
[B], for the mmWave band,

(5)

where wBB 9 98
[B] denotes the #r × 1 digital BB combiner [13, 16–

18].
With the #r × 1 estimated channel vector of the 8Cℎ UE, ĥ 9 98 [B],

to be described in Section 3.2, common linear MIMO processing
techniques, such as the MR and MMSE receivers, are used to find
the BB combining vector, which is given by

wBB 9 98
[B] = 1

√
d 98


ĥ 9 98 [B]/

ĥ 9 98 [B]2
F MR[

ĤH
8

Ĥ8 + f2
9A

I#r

]−1
ĥ 9 98 [B] MMSE,

(6)

where Ĥ8 =
[
ĥ 9 91 [B], . . . , ĥ 9 98 [B], . . . , ĥ 9 9 [B]

]T is the  × #r
channel matrix composed of the estimated channels of the 8Cℎ users
of interest in cell 9 . However, the combining operation in (6) is valid
only for fully-digital beamforming. For the case of hybrid beam-
forming, channel estimation, and therefore MIMO combining must
be performed on the digital BB received signal yABB 9 9

[B]. Thus, the
RF combining matrix must be filtered out from yA

9 9
[B], to do so, the

operation is given by

yABB 9 9
[B] =

[
WA

RF 9 9
WAH

RF 9 9

]−1
WA

RF 9 9
yA9 9 [B] . (7)

When the perfect CSI of the 8Cℎ UE is used to find
w 9 98 [B], and considering fully digital beamforming, the product√
d 98wH

9 98
[B]HA

9 98
[B]f 9 98 [B] in (3) is equal to the unity gain. Assum-

ing that wH
9 98
[B]nA

9 9
[B] ≈ 0, we provide the following remark.

Remark 1: The combiner output B̂′
9 98

, processed with the perfect
CSI of the 8Cℎ UE, results in

B̂′9 98 = B 9 98 +
 ∑

:=1,:≠8

√
d 9:wH

9 98 [B]H
A
9 9:
[B]f 9 9: [B]B 9 9:

+
!∑

;=1,;≠ 9

 ∑
:=1

√
d;:wH

9 98 [B]H
A
9;:
[B]f 9;: [B]B 9;: (8)

Note that even performing MIMO combining processing with the
perfect CSI of the 8 UE, intra- and inter-cell interferences are still
present [4, 14, 19]. One option to filter out the interference effects,
at least the coherent interference, is to perform interference rejec-
tion combining, which requires an accurate channel estimation of
the interfering channel, which, in a well-designed network, is small
[4, 6]. We propose to reduce the interference effects with a pilot
strategy that reduces the number of transmitted pilots and arranges
the pilot mapping to reduce the interuser interference, which is
introduced in Section 3.

Finally, to perform DL precoding, the signal to be transmitted
from the 9 Cℎ BS to the user 8 in cell 9 must be processed with the
#t × 1 precoding vector fBB 9 98

, which is given by

fBB 9 98
[B] =

wBB 9 98
[B]wBB 9 98
[B]

 , (9)

and for mmWave systems, the BB precoding vector is multiplied by
the RF precoder, such as FARF 9 9

fBB 9 98
[B]. It is worth noticing that

throughout the paper, FARF 9 9
and WA

RF 9 9
are assumed to be codebook

matrices.

2.2 Channel model

For simplicity, we avoid the use of the subscripts and superscript
defined for the channel matrices HA

9 98
[B], HA

9 9:
[B], and HA

9;:
[B], so

that, in this section, we describe a general MIMO channel model.
Using the clustered channel model in [8, 13], the 3Cℎ delay

tap of discrete-time narrowband #r × #t matrix channel H3 ,
3 = 0, 1, . . . , #c−1, is written as

H3 =

√
#r#t
#cl#ray

#cl∑
[=1

#ray∑
]=1

6[ ]ar

(
\r
[ ] , q

r
[ ]

)
aH

t

(
\t
[ ] , q

t
[ ]

)
, (10)

where #2 denotes the delay tap length in the discrete-time domain,
6[ ] is the complex small-scale fading gain of the ]Cℎ ray in the [Cℎ

scattering cluster, characterized as i.i.d. CN
(
0, f2

[

)
, f2

[ denotes

the average power of the [Cℎ cluster. #cl is the number of scatter-
ing clusters, whereas #ray is the number of rays (subpaths). The
vectors ar

(
\r
[ ] , q

r
[ ]

)
and aH

t

(
\t
[ ] , q

t
[ ]

)
denote the array response
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functions, for the receive and transmit antenna arrays, to the angles
of arrival qr

[ ]

(
\r
[ ]

)
and departure qt

[ ]

(
\t
[ ]

)
, respectively.

To represent the spatial correlation of the channel between the
transmitter and receiver, we use the Kronecker model. For sub6-
GHz and mmWave frequencies, and assuming Rayleigh fading, the
MIMO channel H3 is given by

H3 = R1/2
r G3

(
R1/2

t

)T
(11)

where Rr = E
[
H3HH

3

]
and Rt = E

[(
HH
3
H3

)T
]

are the transmit and

receive correlation matrices, and G3 is a stochastic #r × #t matrix
with i.i.d. CN (0, 1) elements [20].

Finally, as in [21], the frequency-selective channel at subcarrier B,
for B = 1, . . . , (, in terms of the different time delay taps is given by

H[B] =
#c−1∑
3=0

H34− 9
2cB
(
3 . (12)

3 Methodology

In this section, we present a novel pilot mapping method to jointly
estimate the channel of the user of interest and reduce the interfer-
ence effects produced by users in the cell of interest and neighbor
cells.

3.1 Pilot Mapping

To perform accurate channel estimation, reducing the interference
effects, we propose to set the transmission of pilots in the 8Cℎ UE
only to a quarter of the REs of the OFDM symbol used for pilot
transmission, and the arrangement of those pilots to reduce the
interuser interference. This way, the interference between the spa-
tially multiplexed UEs reduces. Fig. 4 shows the proposed pilot
mapping method, where the pilot sequences in the third and fourth
OFDM symbols in the physical resource blocks (PRBs) are mutually
orthogonal.

In Fig. 4, the intra-cell interference for up to four UE is sig-
nificantly reduced since the location of the pilots provokes no
interference. Furthermore, to multiplex eight users, the proposed
pilot mapping strategy must be repeated, and the four new users
must use orthogonal pilots regarding the pilots of the first four ones.
With quadrature phase-shift keying (QPSK) modulation, up to four
orthogonal pilot sequences can be used. Thus, the proposed pilot
mapping structure can be repeated up to four times, allowing the
multiplexing of up to 16 users.

With spatial multiplexing, the intracell interference increases,
given that orthogonal pilots are used between the multiple users in
the cell of interest, which conforms the noncoherent interference. On
the other hand, users in neighbor cells can reuse the pilot sequences
used by the users of the cell of interest, which provokes coherent
interference, commonly known as pilot contamination [6]. However,
with the pilot mapping of Fig. 4, the intra- and inter-cell interfer-
ence can be accurately estimated over the REs not used for pilot
transmission.
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Table 1 Fully-digital beamforming simulation parameters

Parameter Value
Channel model 3GPP 3D MIMO urban-macrocell NLoS
BS array configuration 8 × 8 array with cross polarization (64T64R, " = 64)
UE array configuration Dual-antenna UEs
Cell radius 500 m
Carrier frequency 2.57 GHz
Carrier type CP-OFDM (30 kHz of subcarrier spacing)
Carrier bandwidth 40 MHz

NR data slot
12 subcarriers per PRB,
14 OFDM symbols per slot,
102 PRBs in the frequency domain

Occupied subcarriers 1224 subcarriers per OFDM symbol
Channel estimation LS, KF
Combining processing MR, MMSE

3.2 Channel estimation

During the UL pilot training, to estimate the channels of the 8Cℎ UE,
the  UEs in each cell are assumed to transmit mutually orthogonal
pilot sequences. For the UEs in neighboring cells, we assume the
reuse of the pilot sequences from the UEs in cell 9 [6, 7].

Given the introduced pilot mapping strategy, the channel estima-
tion process for the 8Cℎ UE must be performed over the REs used for
pilot transmission. To do so, we define the received signal with pilots
from the 8Cℎ UE, represented as a #r × #p matrix and is given by

yA9 98 [B] =
√
d 98HA9 98 [B]f 9 98 [B]G 9 98︸                         ︷︷                         ︸

desired pilots

+
 ∑

:=1 :≠8

√
d 9:HA

9 9:
[B]f 9 9: [B]G 9 9:︸                                       ︷︷                                       ︸

intra-cell pilots

+
!∑

;=1, ;≠ 9

 ∑
:=1

√
d;:HA

9;:
[B]f 9;: [B]G 9;:︸                                          ︷︷                                          ︸

inter-cell pilots

+nA9 98 [B]︸  ︷︷  ︸
noise

, (13)

where G 9 98 , G 9 9: , G 9;: are the pilots of the 8Cℎ UE (desired pilots),
the : Cℎ UE in cell 9 , and the : Cℎ UE in the ;Cℎ cell, respectively. nA

98
is the #r × 1 noise matrix. G 9 98 is assumed to be orthogonal to G 9 9: .
However, G 9;: is assumed to reuse the pilot sequence in G 9 98 , which
provokes pilot contamination.

Channel estimation for the 8Cℎ UE with the LS technique is
straightforward and is given by

ĥ 9 98 [B] = yA9 98 [B]G
−1
9 98 . (14)

For hybrid beamforming, as in (7), channel estimation in (14)
must be performed with the BB received signal with pilots from the
8Cℎ UE, which is written as

yABB 9 98
[B] =

[
WA

RF 9 9
(WA

RF 9 9
)H

]−1
WA

RF 9 9
yA9 98 [B] . (15)

With the estimated channel of the 8Cℎ UE, ĥ 9 98 [B], MIMO com-
bining processing can be performed with the MR and MMSE
receivers as in (6). However, the MR combiner cannot achieve the
wireless performance of the MMSE receiver only with the decrease
of the interference effects. It is necessary to use a better channel esti-
mation technique to reduce noise effects, especially for mmWave
signals.

Better channel estimation of the user of interest might increase
the performance of MIMO processing. In [22] the KF is presented
as a technique capable of reducing the effects of Gaussian noise over

the estimated channel. Furthermore, the performance of KF esti-
mation with MR processing is presented as similar to that of the
MMSE receiver when the interference power is small. Hence, with
the proposed pilot mapping, we propose to use the KF algorithm with
MR processing to achieve the performance of the MMSE receiver,
reducing the number of complex operations required for MIMO
processing.

The KF estimation can be performed as follows. First, the LS esti-
mation of the initial subcarrier, ĥ 9 98 [1] = yA

9 98
[1]

(
G 9 98 [1]

)−1, and
its corresponding variance fĥ 98

[1] = V{ĥ 9 98 [1]} are required to

initialize the KF algorithm. The BCℎ subcarrier Kalman gain ^ 9 98 [B],
for B ≠ 1, is given by

^ 9 98 [B] = fĥ 98
[B − 1] G 98 [B]H(

G 9 98 [B] fĥ 98
[B − 1] G 9 98 [B]H + f2

9A

)−1
. (16)

With ^ 9 98 [B], a correction process to the estimated channel at the
BCℎ subcarrier is required. To do so, the received vector yA

98
[B] at the

BCℎ subcarrier, for B ≠ 1, is used. The correction process is written as

ĥ 9 98 [B] = ĥ 9 98 [B − 1] + ^ 9 98 [B]

(yA9 98 [B] − G 9 98 [B] ĥ 9 98 [B − 1]), (17)

The KF estimation error, for B ≠ 1, given by

i 9 98 [B] = V
{
ĥ 9 98 [B] − ĥ 9 98 [B − 1]

}
, (18)

is reduced to the estimation of a new channel vector at the BCℎ subcar-
riers. Thus, the current estimation becomes the previous estimation,
i.e., ĥ 98 [B] → ĥ 98 [B − 1], and the channel variance is updated by

fĥ 98
[B] =

(
1 − ^ 9 98 [B] G 9 98 [B]

)
fĥ 98
[B − 1] + i 9 98 [B] . (19)

With the estimated channel variance, ^ 9 98 [B] is updated till the
channel at subcarrier ( is estimated. However, the KF estimation
should only be used with the MR receiver and with the proposed
pilot mapping strategy. The reason is that it is necessary to reduce the
interference effect on the received signal to perform KF estimation.
Otherwise, the Kalman gain adjusts to the interference gain rather
than the gain of the 8Cℎ UE channel.

4 Results and discussions

To test the performance of the proposed methodology in terms of the
achievable SE for the UL and DL communications, we performed
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Fig. 5: Antenna arrays at the massive MIMO BS. (a) Fully-digital. (b) Partially-connected hybrid structure. (c) Fully-connected hybrid
structure mmWave.

Table 2 Hybrid beamforming simulation parameters

Parameter Value
Channel model mmMagic NLoS
UE array configuration dual-antenna UEs
Cell radius 200 m
Carrier frequency 28 GHz
Carrier type CP-OFDM (120 kHz of subcarrier spacing)
Carrier bandwidth 100 MHz

NR data slot
12 subcarriers per PRB,
14 OFDM symbols per slot / subframe,
66 PRBs

Occupied subcarriers 792 subcarriers per OFDM symbol
Channel estimation LS, KF
Combining processing MR, MMSE

Partially-connected BS antenna properties
Number of antenna panels 4
Number of antenna elements per panel 8 × 8 array with dual polarization (64T64R per polarization, " = 512)
Element separation distance 0.5 _
Number of RF chains / beams 8
Peak beam gain (dBi) 24

Fully-connected BS antenna properties
Number of antenna panels 1
Number of antenna elements per panel 16 × 16 array with dual polarization (256T256R per polarization, " = 512)
Element separation distance 0.5 _
Number of RF chains / beams 8
Peak beam gain (dBi) 27

extensive simulations based on the 5G NR Release 15 specifications
[9]. Table 1 presents the parameters for the sub6-GHz band, where
we assumed fully digital beamforming, whereas Table 2 presents the
parameters for the mmWave band, for partially and fully-connected
hybrid structures, according to [19, 23]. We assume hybrid beam-
forming for the mmWave band is only available at the BS, whereas
for the UEs, only digital beamforming is considered.

With the parameters of Table 1 we set the fully-digital beam-
forming antenna array, according to the 3GPP 3D MIMO non-line-
of-sight (NLoS) channel model for urban macrocell scenarios [24].
With the parameters of Table 2, we set the hybrid beamforming
antenna array for partially- and fully-connected hybrid structures,
according to the mmMagic channel model in [25]. In Fig. 5, we
present the simulated antenna arrays, generated with the quasi-
deterministic radio channel generator (QuaDRiGa) introduced in
[23].

The array in Fig. 5(a) consists of 64 cross-polarized antennas,
where each antenna is connected to a dedicated RF chain. Fig. 5(b)
shows the partially connected hybrid array, which is divided into
four panels. Each panel consists of 8 × 8 dual-polarized antennas,
where there is available one RF chain per polarization. Finally,
Fig. 5(c) shows the fully connected hybrid array that consists of
a single panel of 16 × 16 dual-polarized antennas. Each polarized

array is connected to four RF chains. Both hybrid structures, fully-
and partially-connected, consist of 512 antennas, where 256 anten-
nas have vertical polarization, whereas the other 256 antennas have
horizontal polarization. Hence, there are available eight RF chains
for both structures.

The simulated sub6-GHz and mmWave multiuser multicell sce-
narios are presented in Fig. 6. Using ! = 2 cells, each cell consist
of a fixed position BS and  = 2 UEs. The positions of the UEs
were configured to coincide with the border between the two cells.
In Fig. 6, the BSs are represented with crosses, whereas the UEs are
represented with triangles. BS1, UE1,1, and UE2,1 conform the cell
1, whereas BS2, UE1,2, and UE2,2 conform the cell 2. For the sub6-
GHz band in Fig. 6(a), the radius of each cell is 500 m. The position
of the devices for the sub6-GHz scenario is presented in Table 3.

The mmWave scenario in Fig. 6(b) is similar to that presented in
Fig. 6(a), with ! = 2 and  = 2 UEs per cell. However, in this case,
the cell radius was set to 200 meters according to [8]. So, the position
of the devices in the mmWave scenario is different than that in the
sub6-GHz scenario. Table 4 presents the position of the devices in
the mmWave scenario.

For the sub6GHz and mmWave scenarios, the position of the UEs
starts from the border between the two cells. However, these posi-
tions change over one meter of mobility in random directions. For
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(a) (b)

Fig. 6: Simulated multi-user multi-cell massive MIMO scenario. (a) Sub6-GHz scenario. (b) MmWave scenario

Table 3 BSs and UEs positions in Cartesian coordinates for the sub6-GHz band scenario

Initial position in meters
Device x y z
BS1 (fixed position) 0 0 20
UE1,1 494 20 1.5
UE2,1 492 -24 1.5
BS2 (fixed position) 1000 0 20
UE1,2 507 15 1.5
UE2,2 510 -30 1.5

this, we generated 2000 channel samples per meter for each UE in
both scenarios.

For both scenarios, we set orthogonal pilots between UE1,1 and
UE2,1, and we reused the same pilot sequence configured in UE1,1
and UE2,1 for UE1,2 and UE2,2. This way, we generated coherent
interference as in [6]. Thus the frequency reuse factor for the cellular
system is 5 = 1, which provokes pilot contamination. Non-coherent
interference is present with the spatial multiplexing of multiple UEs
that use orthogonal pilot sequences.

For fairness, we set the same total power and modulation scheme
for every UE in the configured cells. We chose the 64-quadrature
amplitude modulation (64-QAM) scheme for all the UEs, and signal-
to-noise ratio is defined as SNR =

d 98

f2
9A

. Furthermore, all the reported

results were averaged over 2000 random channel realizations [13,
26].

Finally, to report the results, we compared the MR and MMSE
receivers with and without the application of the pilot mapping
described in Section 3. With regular pilot mapping, the one specified
in the 5G NR Release 15 specifications, we used the LS estimation
for all the receivers. However, with the application of the proposed
pilot mapping, we used the KF estimation only for the MR receiver,
since for MMSE processing, KF estimation is not suitable. With reg-
ular pilot mapping, the application of KF for the MR receiver is not
suitable either since this estimator adjusts its gain to that of the inter-
ference, resulting in SE loss according to [22]. The improved MR
and MMSE receivers are those with which we only used the pro-
posed pilot mapping to reduce the effect of non-coherent interference
(intra-cell interference). The configuration of the different MIMO
techniques is summarized in Table 5.

4.1 Sub6-GHz Spectral Efficiency

For the scenario of Fig. 6a, we present the sum SE of MIMO
combining performed at the BSs in the UL communication in Fig. 7.
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Fig. 7: Sub6-GHz UL sum SE of the MR and MMSE receivers with
and without the proposed pilot training.

In Fig. 7, the achievable SE of the MR and MMSE receivers
with regular pilot mapping is different. In this case, the MMSE
receiver presents higher SE than the MR method, since the former
is capable of partially removing the effects of coherent interference.
The improved MR and MMSE receivers present similar SE, which
is higher than that achieved with regular pilot mapping. Since the
improved MR receiver employs the KF estimation, the achievable
SE is comparable to that of the improved MMSE receiver with LS
estimation.

In Fig. 8, we present the sum SE results for MIMO combining
processing performed at the UEs in the DL communication. In this
case, the MIMO precoding vector processed by the BS in the UL is
applied for DL transmission.
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Table 4 BSs and UEs positions in Cartesian coordinates for the mmWave band scenario

Initial position in meters
Device x y z
BS1 (fixed position) 0 0 10
UE1,1 194 20 1.5
UE2,1 192 -24 1.5
BS2 (fixed position) 400 0 10
UE1,2 207 15 1.5
UE2,2 210 -30 1.5

Table 5 MIMO processing settings

MIMO receiver Estimator Pilot mapping
MR LS Regular
MMSE LS Regular
Imp. MR KF New
Imp. MMSE LS New
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Fig. 8: Sub6-GHz DL sum SE of the MR and MMSE receivers with
and without the proposed pilot training.

The results in Fig. 8 show that MR precoding applied with regu-
lar pilot mapping presents the smallest SE. However, when the new
pilot mapping is used to find the precoding vector, the improved MR
receiver presents a SE close to that of the MMSE receiver. Since
the precoding is applied for the DL communications, the improved
MR and MMSE receivers show similar results, which reveals that
the effects of coherent and noncoherent interference are attenuated
with the MIMO precoding processing performed at the BSs.

4.2 MmWave Spectral Efficiency

For the mmWave scenario, it was necessary to perform MIMO
combining and precoding on the received signal in BB, so the RF
combining matrix was filtered as in (15) before the channel esti-
mation process of the intended user described in Section 3.2. For
the mmWave scenario (shown in Fig. 6b), Fig. 9 shows the sum SE
results for MIMO combining processing performed with partially
connected hybrid beamforming during the UL communication.

The results in Fig. 9 are similar to those for the sub6-GHz scenario
in Fig. 7. However, the improved MR receiver presents higher SE
than the improved MMSE method. In this case, the KF estimation
helps the MR receiver to remove the effects of noise in the channel
estimation process, therefore achieving higher SE.

Fig. 10 presents the SE results for MIMO combining process-
ing performed at the UEs when MIMO precoding is performed with
partially connected beamforming for the DL communication.
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Fig. 9: Partially connected mmWave UL sum SE of the MR and
MMSE receivers with and without the proposed pilot training.

As in the case of the DL results for the sub6-GHz scenario,
Fig. 10 shows the improved MR, and MMSE receivers present sim-
ilar results since MIMO precoding was used to transmit the signal
from the BSs to the UEs.

In Fig. 11 we present the UL sum SE results achieved with a fully
connected hybrid beamforming structure.

As it was expected, higher SE is achieved with the fully con-
nected structure for the compared receivers. In this case, the SE of
the improved MR receiver is significantly higher than that of the par-
tially connected structure. Finally, we present the results for the fully
connected hybrid beamforming structure for the DL communication.

Fig. 12 shows the SE results obtained with the fully connected
structure, which are similar to those obtained with a partially-
connected structure in Fig. 10.

4.3 Performance and complexity comparison

To run the simulations and get the results, we deliberately set the
positions of the UEs in the border between the two configured
cells. This way, the coherent and noncoherent interference power
is sufficiently high to test the proposed methodology described in
Section 3.

The SE of the improved MR receiver is similar to that of the
improved MMSE receiver in the sub6-GHz band. However, in the
mmWave band, the SE of the former is higher, especially for the fully
connected hybrid structure, with which the SE is significantly higher.
The more antennas at the BS, as is the case with a fully connected
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Table 6 Floating-point operations per UE of the different MIMO receivers

Method Combining vector operations Channel estimation

MR 4 #r − 1  #2
r

MMSE #3
r + #2

r (5 /2 + 2) + #r ( + 1/2)  #r
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Fig. 10: Partially-connected mmWave DL sum SE of the MR and
MMSE receivers with and without the proposed pilot training.
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Fig. 11: Fully-connected mmWave UL sum SE of the MR and MMSE
receivers with and without the proposed pilot training.

hybrid structure, the higher is the performance of the KF to remove
the noise effects at the receiver. Since mmWave signals present high
path loss, the effects of noise at mmWave frequencies are more sig-
nificant than at lower frequencies. For this reason, the improved MR
method shows higher SE than the MMSE receiver at mmWave fre-
quencies since the former employs the KF algorithm, a technique
capable of attenuating the effects of noise in the channel estimation
process.

On the other hand, for DL transmission, the MIMO precoding
performed with the proposed pilot mapping helps to mitigate the
effects of coherent and noncoherent interference. In this case, we
can expect that with the improved MR receiver, the UEs can achieve
high SE with low computational complexity, avoiding resorting to
more complex techniques such as the M-MMSE receiver.

Finally, Table 6 summarizes the floating-point operations required
for MIMO combining processing at each BS. LS estimation is
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Fig. 12: Fully-connected mmWave DL sum SE of the MR and MMSE
receivers with and without the proposed pilot training.

assumed for the MMSE receiver, whereas for MR, KF estimation
was used [27].

Based on the data of Table 6, the MR receiver requires much fewer
operations than the MMSE receiver. Thus, the application of the pro-
posed pilot mapping strategy and KF estimation at the MR receiver
results in an SE comparable to that of the MMSE receiver with much
fewer complex operations.

5 Conclusion

In this work, a novel method to perform channel estimation and
reduce the interference effects present in multi-user multi-cell mas-
sive MIMO systems operating at 2.5 GHz and 28 GHz frequencies
is analyzed. Coherent and noncoherent interference effects are atten-
uated through the use of a new pilot mapping strategy that allows us
to reduce the interference effects provoked by users in the same cell
as well as the user of interest and users in neighbor cells.

For operation frequencies below 6 GHz, MR processing with
KF channel estimation and the proposed pilot mapping strategy,
achieves similar performance as the MMSE receiver, requiring much
fewer floating-point operations for MIMO processing. Furthermore,
for mmWave frequencies, the improved MR processing results in
higher SE than that achieved with the improved MMSE receiver,
due to the effectiveness of the KF estimation to remove the effects
of noise in signals with high path loss.

A UE can be subject to high coherent and noncoherent interfer-
ence in the UL but not in the DL since the BS performs MIMO
precoding for the latter. With the proposed pilot mapping strat-
egy, the MIMO precoding processing used for DL transmission
significantly reduces the interference for the spatially multiplexed
UEs.

For the UEs, the advantage of MIMO precoding performed at the
BS for DL transmission allows us to use the improved MR receiver
and achieve a SE comparable to that of the MMSE receiver, with sig-
nificantly lower computational complexity. This is useful for MIMO
processing at the UE side.
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