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Abstract— We present the analysis of a single-carrier massive
MIMO system for the frequency selective Gaussian multi-user
channel, in both uplink and downlink directions. We develop
expressions for the achievable sum rate when there is spatial
correlation among antennas at the base station. It is known
that the channel matched filter precoder (CMFP) performs the
best in a spatially uncorrelated downlink channel. However, we
show that, in a spatially correlated downlink channel with two
different correlation patterns and at high long-term average
power, two other precoders have better performance. For the
uplink channel, part of the equivalent noise in the channel goes
away, and implementing two conventional equalizers leads to
a better performance compared to the channel matched filter
equalizer (CMFE). These results are verified for uniform linear
and uniform planar arrays. In the latter, due to more correlation,
the performance drop with a spatially correlated channel is
larger, but the performance gain against channel matched filter
precoder or equalizer is also bigger. In highly correlated cases, the
performance can be a significant multiple of that of the channel
matched filter precoder or equalizers.

Keywords: Single-carrier transmission, massive MIMO, wire-
less communication, uplink and downlink channel, precoding,
equalization.

[. INTRODUCTION

The demands for high-rate wireless communications have
been increasing in the past few decades [1]. Due to this fact,
there is a great amount of research on the development of new
and efficient schemes to obtain higher rates of information
for an increasing number of wireless channel users. Massive
multiple-input multiple-output (massive MIMO) is one of the
approaches to achieve a higher rate in a wireless system. As a
corollary of increasing the number of transmitters at the base
station, the transmit power can be designed to be significantly
small, since interference decreases at the same rate of the
desired signal power, leading to a power-efficient system
[2]. Also, the channel vectors (or matrices) defined between
transmitters and receivers become asymptotically orthogonal,
allowing multiple users to use the same bandwidth without
interfering with each other and achieving a high spectral
efficiency in the system [3].

In most studies of massive MIMO, the base station is
considered to have the perfect knowledge of the channel, since
massive MIMO relies on spatial multiplexing which requires
good channel knowledge for the base station [4]. The base
station can estimate the channel response to an individual
user using the pilots sent by the terminals in the uplink. This
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process is more challenging in the downlink where the base
station can send out pilot waveforms and users’ terminals will
be able to estimate the channel responses and feed them back
to the base station.

In this paper, we assume operation in time division duplex
(TDD) mode to take advantage of the reciprocity in the
channel, as commonly done in the field.

The work in this paper is focused on single-carrier transmis-
sion for massive MIMO applications. This is motivated by a
number of recent studies such as [1]. This work showed that a
channel matched filter precoder (CMFP) is optimum for such
systems in channels uncorrelated in space. However, unlike
[1], we wish to determine the performance of such systems
for correlated channels, such as in massive MIMO where the
presence of correlation in the channel is expected to be high
due to space limitations for the antenna elements. Also, we
expand our studies to the uplink channel, where equalizers
are deployed at the base station side. Using the equalizers
in the uplink and precoders in the downlink, we investigate
the performance of the massive MIMO channel under the
influence of correlation patterns. We would like to emphasize
that unlike a conventional channel matched filter, CMFP is
placed at the transmitter side [1]. It is possible to extend this
work to orthogonal frequency division multiplexing (OFDM).
Although [1] states single-carrier transmission is better for
massive MIMO in spatially uncorrelated channels, we believe
this requires further study, particularly in the case of spatially
correlated channels.

This paper extends [1] in the following ways. First, it ex-
tends the downlink analysis in [1] to the uplink. The resulting
analysis is different than that for the downlink. Second, it
shows that for channels with spatial correlation, CMFP is not
necessarily the best precoder in the downlink. This result for
spatially correlated channels is contrary to the result in [1]
for spatially uncorrelated channels. Third, it shows that, the
uplink analysis eliminates one of the equivalent noise terms
present in the downlink. This causes a substantial performance
increase for all equalizers under consideration. Fourth, while
[1] considers only CMFP on the downlink it considers five
more structures as precoder and equalizers in the downlink
and uplink, respectuively. Fifth, it shows that an equalizer
for the uplink based on the minimum mean squared error
criterion performs the best, in a significant way, among those
considered. The investigation in this paper is for downlink and
uplink performance of two different spatial correlation models,
incorporating different degrees of exponential correlation and
taking into account different angles of arrival (AOAs) and
both isotropic and nonisotropic arrivals. Finally and sixth, the



results are provided for both uniform linear array (ULA) and
uniform planar array (UPA) structures.

II. DOWNLINK CHANNEL ANALYSIS

In the downlink model, a frequency-selective multi-user
MIMO (MU-MIMO) channel with M base station antennas
and K single-antenna users is considered. We model the
channel between the m-th transmit antenna and the k-th user
as a finite impulse response (FIR) filter with L taps. The taps
model different delay components. The [-th tap can be written

s \/di[k]h;[m, k] where d;[k] and hj[m,k] correspond to
the slow-varying and fast-varying components of the channel
respectively, and where h;[m,k] has a complex Gaussian
distribution with zero mean and unit variance CA(0,1) [1].
When the antenna elements or delay components are not
correlated, the entries of the matrix consisting of the fast-
varying components of the channel, h; [m, k], are independent
and identically distributed (i.i.d.). Further, these entries are
considered to be fixed while the 7" symbols are being trans-
mitted. Define y[i] £ [y1[i], -+ ,yx[i]]T € CK and x[i] &
[z1[i], -, za[i]]T € CM as the vector of received signals
at each user and the vector of transmitted signals from each
antenna at the base station at time ¢+ = 1,2,..- T, respec-
tively. Assume that the noise vector n[i] £ [ny[i],--- , nx[i]]”
is additive white Gaussian noise (AWGN) consisting of i.i.d.
components and complex Gaussian distribution. We assume
that this distribution has zero mean and unit variance. The
variable si[i] is the information symbol to be transmitted to
the k-th user at time ¢. The vector of information symbols is
defined as s[i] £ [s1[i],--- ,sx[i]]7. This vector is considered
to have i.i.d. CN'(0, ,/py) components. We also need to define
D; £ diag{d;[1],--- ,d;[K]}, and H; € CM*X_ The [m, k]-th
element of H; is hy[m, k).

In this paper, we will model the channel whose antenna
elements have spatial correlation. To this end, we introduce
the matrix A € CM*M | taking into account all M antenna
elements at the base station.The effect of this matrix on the
channel will be to modify the channel realization from H; to
AY 2H,. A channel whose antenna elements are not spatially
correlated will have A = I,;. In Section V, we will make
use of two commonly used spatial correlation models from
the literature. Both of these models will have symmetric A
matrices.

The received signal vector can be written as

S

=0

x[i — 1] + ni], (D

where the channel state information (CSI) matrix is defined as
H =AY QHZDll/ % and the channel power delay profile (PDP)
for each user is normalized such that [1]

L—1
dodik]=1, k=1,...
=0

Also, x[i] is the transmitted signal vector and it depends on
the precoder used in the channel.

K. 2

A. Channel Matched Filter Precoder (CMFP)

In wireless communication, the precoding scheme has a
significant role. The CMFP response matrix is the Hermitian
of the CSI matrix. Therefore, we specify the transmit symbol
vector for the proposed CMFP as [1]

1 L-1 R
=0

We define the super channel matrix as the multiplication of the
precoder matrix and the channel information matrix F( ;1) =
I:IlHI:Il/. Note that one can obtain F(;;1[q,q'] = eqTF(l’l/)eq/,
where e, is a vector with all its elements equal to 0 except
the g-th one which is 1. Using (3) in (1), one can obtain
e LilLilHHH i+ —1 ' 4
Y[l]*mgllgo P Hysli+ 0= +nli] @)
and by making the change b =1 — I’, one can write
L—1 min(L—1,L—1+b)

y Z Z HfIHl_bs[i — b] + I‘l[l]
max(0,b)
&)
We define the desired signal as
=
dfi] = E[H/H,]s]i]. 6
With this definition, one can write (5) as
y[i] = d[i] + n'[4] @)
and for user k, (7) simplifies to
yxi] = di[i] + ni[i]. ®)

By an inspection of (1), (3), and (5), the effective noise term
can be calculated as

\/72 (F(l plk, k] — E{F(l,l)[hk]})sk[ﬂ

q 1b=1-L1=L,
q#k

+ ngld]. )

In (9), we defined L; £ max(b,0) and Ly = min(L —
14+ b,L —1). In (9), the first term can be identified as the
additional interference (IF), the second term as the intersymbol
interference (ISI), and the third term as multiuser interference
(MUI). The final term is AWGN.

Since the effect of the correlation pattern is not present in
the power of the desired signal (see Proposition 1), in (5), for
the desired signal term, the average power is equal to [1]

2
M
W]{’,/ ZE{F” [k, k] Vs [d] }:K'Of.
(10)




The correlation matrix and the average power of the desired
signal are independent, meaning that the desired signal power
is not affected by the spatial correlation among antennas
at the base station. Knowing that all different terms in the
effective noise equation are independent from one another (see
Proposition 2), the power of n}[i], the effective noise in (9),
can be calculated as

Var(nj,[i]) = tr(A*)Mpy + 1. (11)

In (11), tr(A®) is the trace of the square of the correlation
matrix. We will introduce Proposition 1 and Proposition 2
below. These two propositions illustrate how (5) can be used
to calculate the average power of the desired signal in (10)
and the effective noise power in (11). For a special case in
[1] where the channel does not have spatial correlation, (11)
becomes p; + 1. Although the average power of the desired
signal and the correlation matrix are independent, the effective
noise power is affected by the correlation matrix.

We are now interested in characterizing tr(A?) for the
spatially correlated channel. When we consider the correlated
case, the entries on the main diagonal of A remain the same
as the spatially uncorrelated case. On the other hand, other
elements have nonzero values when there is correlation and
for the models in this work, these values are nonnegative.
Therefore, for the spatially correlated channel, tr(A?) > M.
For this reason, the effective noise power will increase because
of channel correlation. On the other hand, this does not affect
the desired signal’s average power. The correlation pattern
makes the user information rate decrease, but the capacity
remains the same. This implies an increase in correlation
results in increased difference between the information rate
and the capacity.

Each user’s infgrmation rate can be obtained by R; =
% log, (1 + Ktr(/g)%)' By considering the fact that each
user’s information rate is almost equal to the other users’, we
will have the sum rate as

M
—— ) (12)
K=y + K
Since the correlation has no effect on the average power of

the desired signal, the cooperative sum-capacity is independent
of the correlation pattern and it can be written as [1]

K
Rsum(pfaMa K) = ?10g2 <]— +

Ccoop(pfaMaK) ~ glogZ (1+%) (13)
Equations (12) and (13) are the sum rate (information rate)
and the upper bound for CMFP, respectively. By observing
the information rate and the sum-capacity, one can conclude
that CMFP may not be a good choice when there is sufficiently
significant spatial correlation among the base station antennas.
When the channel does not have spatial correlation, the effect
of AWGN becomes more pronounced over the effective noise
power. As a result, in that case, CMFP appears as a good
choice for a precoder. When p; reaches larger values, the
information rate begins to saturate until the efective noise
power is dominated by the interference terms. As correlation
increases, saturation happens earlier and quicker. The effect

of any correlation among base station antennas is stronger
interference terms that have a bigger effect than AWGN.
Proposition 1: The average power of the signal using CMFP
is given as in (10).

Proof: In order to obtain the average power of the desired
signal, we need the following lemma.

Lemma 1: Let x and y be N-dimensional zero-mean circu-
larly symmetric complex Gaussian vectors with the autocorre-
lation and cross-correlation matrices given as Ry £ E{xx},
Ry, £ E{yy*}, and Ryx £ E{yx"}. Then, the following
expectations can be expressed as

E{x" Ay} = tr(ARy)
E{x"Ay[*} =
tr(ATRLARy) + tr(ARy)tr(ATR,y) (15)

(14)

in which A is a real-valued and symmetric N x N matrix. The
proof of this lemma is omitted here due to lack of space.!
Consider the average power of the desired signal in (5) as

)

L-1

> E{F() [k, k] }sli]

=0

L—-1
1 .
= MKEsk[i]{ > s R{F )k, K]}
'=0

1
o = MESkM{

L-1
X ZE{F(U)[k,k]}sk[i]}. (16)
1=0
We claim that the first multiplier can be written as

L—1
> SBR[k, K]} =
’=0

L—1
S sHE{el D)/ *Hl AH,D}/ e, }.
'=0

a7

Let’s focus on the term E{F(u) [k, k] } If we expand this term,
it will be

E{Fk,k} = E{e]D,/*H/’ AH,D, ¢, }. (18)

Note that using Dll/2ek =
equation as

E{Fq [k, k]} = /di[KJE{h/ [kK]Ah k] }\/di[k],  (19)

where hy[k] £ He,. Note that E{h;[k]} = E{hf[k]} = 0
and Cov{h;[k]} = Cov{h/ [k]} = Ix. By using Lemma I,
one can say E{h/'[k]Ah;[k]} = tr(A) which is equal to M.
Therefore

1 12 - i Mpy
Sk:WEsk[i]{]sk[zH } M;dl[k] = Q0

Based on Lemma 1, a set of expectations necessary to
calculate the noise power in (11) is provided in the Appendix.
Proposition 2: The effective noise power using CMFP is given
as in (11).

Proof: By an inspection of (9), we notice that different terms

d;[k)ey, we can rewrite the above

'One can use the moment generating function to obtain (14).



are independent from each other. Therefore, by using the
expectations (62) and (65), we can write the variance of the
effective noise as

Var{ni[i]} =

M}W%Ef@w%M—MEWWMQm@

1 Lo

F@lmhm%v—m}

K L-1

_ Lo
Z Z Fai-v)[k, qlsqi — b]}

b=1-L1l=L;

1
k

+ 1. 2n

Note that the means of IF, ISI, and MUI terms are zero.
Considering the fact that Var{sy[i]} = 1 and the information
symbols are independent from all other terms, after carefully
reindexing (21) and removing a number of redundant terms,
we can rewrite the effective noise variance as

Var{n;[i]} =
K L-1L-1
];( Z ZE{F(” b) q’k]F(lfb,l)[k7q}}
q=1b=1 I=b
K L-1L-1
+ % Z E{F(lfbﬁl)[q, k]F(l,lfb) [k,q]}
q=1 b=1 I=b
K L-1
+%Z E{F(“)[q’k]F(l,l)Uf,Q]}
=1 1=0
P 2
J\;J}{ g { {F(l’n[k, k]H +1. )

Then, if we replace the expectations inside (22) with their
corresponding expressions in (59)-(65) in the Appendix, the
effective noise variance can be obtained as

Var{n[i]}) =
5 K L-1L-1
tr A Pf SN (dislaldilk) + dilg)di—s [])
g=1 b=1 I=b

2 K L-—

q=1 1=0

One can recognize that (23) can be expressed as

tr(A 2) K L-1 L-1
SIS (Y dnla)) (Y duli) [ +1
g=1 1,=0 12=0

(24)

Var{ni[i]} =

Then, by using (2), (24) can be simplified as (11).
B. Conventional Precoders

The zero-forcing precoder (ZFP) and regularized zero-
forcing precoder (RZFP) are two well-known precoders in
the massive MIMO field of study, see, e.g., [2]. A common
theme among the precoders we will discuss in this paper is

the fact that they are defined in the frequency domain and are
translated into the time domain. Computations indicated that
precoders defined in the time domain, such as those in [5],
do not perform as well as precoders in the frequency domain.
The two precoders will be given as functions of the channel
state matrix H; as the following
o Zero-Forcing Precoder (ZFP): It forces the system to
eliminate the interference and is given by
-1

WZFP — oZFPR, (B, 1) (25)
where H,, = lL ! e=32mvl/LY, is the N-point (N > L)
ZFP

Fourier transform of the channel state matrix and agj
is a normalization factor for this precoder.

o Regularized Zero-Focing Equalizer (RZFP): This pre-
coder maximizes the power of the desired signal com-
pared to the power of the noise and interference at the
receiver. It is given by

RZFP ZFPir (AR -1
WA = afZ"PH, (0, Hy + Bwlk) ,  (26)
where a{fVZF P is also a power normalization factor and

Bw € RT is a system parameter which depends on the
signal-to-noise ratios (SNRs) and the path losses of the
users.

Using these precoders, one can generate a new model for
the transmit signal vector. Using a general notation of W, to
indicate the precoder model, the vector of the transmit signals
can be obtained as

N-1
=3 Wysli —m] 27)
m=0

where W,, = ZiV:})l ef2mvm/N'W  is the inverse Fourier
transform of the precoder matrix. Note that (27) represents
the cyclic convolution and all the indices of equation defining
the transmit signal are taken modulo /N. Considering that (1)
still holds, the vector of the received signals at the users’ site
can be written as

- X Y

=0

ms[i — 1 —m] +nfi]. (28

. . ~ H
By defining the new super channel matrix as F(; .,y = H; Wy,
and considering the fact that (27) represents circular convolu-
tion, one can rewrite (28) as

2 i F(,m)sli —1 —m] + n[d].

m=1—N [=0

(29)

By changing the variable m + [ to b and considering the fact
that s[i] = Zf 1 €454[7], we can rewrite (29) as
3

Z szl ZF(lbl

q=1b=1-NI=L;

qlsqli —b] +nfi]  (30)
where F(;,_p)[:, ¢ is a column vector and where we defined
L3 2 min(N — 1+ b, L — 1). Note that the desired signal at
the k-th user and time i is given by

[i] = i E{F (i, _p[k, k] } si.[d]
1=0

&1V



Using the equations of the desired and received signal, one
can express the system model in terms of desired signal and
effective noise of the channel as

ykli] = grli] + ni 4], (32)

where n} [i] represents the effective noise and can be written
as

L-1

i =3 (Fa,_l)ws,k] CE{Fy_o [k K] })skm
=0
L—1 Ls
+ > > Fapp ks k]sli — b
b=1—NI=L,
b;éO
L—-1 L3

+Z Z ZF“, Z)kqsq[l—b]

q=1b=1-NI=L,
a7k

+ il (33)

which again includes IF, ISI, MUI, and AWGN terms, respec-
tively. The system model introduced in this section is used to
run computations. The achievable sum rate of the system can
be obtained by considering the effect of noise into account as

Roum = Z 10g2 M)

Var(n% [i])
where it was proved that Var{g[i]} = 2£p;. Equation (34) is
the sum rate (information rate) for the precoders. It will also
apply to the case of equalizers for the uplink channel as will
be discussed in the next section.

III. UPLINK CHANNEL ANALYSIS

(34)

Just like the downlink model, a frequency-selective multi-
user MIMO (MU-MIMO) channel with M base station an-
tennas and K single-antenna users is considered. Perfect
knowledge of CSI is considered at the users’ terminal in
the uplink transmission. Since the correlation pattern is also
considered in the uplink channel, the CSI matrix can be
modeled as H; = AY/ 2H;Dll/ 2, Considering the uplink, users
are supposed to transmit s[i] through the channel. However,
using equalizers in the frequency domain at the base station
requires employment of cyclic prefix techniques. In this work,
the conventional cyclic prefix technique, where the last T
samples of a T-sample transmission block are added to the
beginning of the block, is preferred over the zero-padding
or the known symbol padding techniques due to its circular
convolution property [6].

In the same manner as it was introduced earlier in Section II,
one can obtain the achievable sum rate of the uplink channel
with an equalizer using (34). Note that Sy, is the power of the
desired signal for the k-th user at the base station and n,[¢] is
the effective noise of the system for the k-th user at the base
station at time ¢ considering the uplink channel.

A. Channel Matched Filter Equalizer (CMFE)

The cyclic prefix is designed in the way that the length of
the added symbols are larger than the length of the channel

(i.e., T, > L). We can write the received signal vector before
applying the proper equalizer as
L—1
=Y Hx[(i — 1) mod T]+ nli],
1=0

(35)

where x[i] denotes the transmitted signal vector and consists
of the transmitted symbols (e.g., \/pys[i]) and the T, added
symbols as the cyclic prefix. In this section, the channel
matched filter is considered as the equalizer in the system. For
that reason we designate it as CMFE, as opposed to CMFP
employed in the downlink channel. The following shows how
CMEFE will affect the unprocessed output signal of the channel.

rli + 1], (36)

where y[i] is the vector of the received signal after the
equalizer block. Substituting (35) in (36), one can obtain

L-1L-1
,/ ZZHl Hys[(i —I' +1) mod T)]

lOl’O

1, nfi +1]. (37)
A

We can rewrite the received signal for each individual user at
the base station as the following

yk[i] = grli] + ny i,

where gy [i] is the desired signal of the k-th user at the base
station and can be written as

1 L—-1
geli] = ’/W ( > F(l,l)[/ﬂ,k])sk[i mod T],  (39)
=0

~H .
where F(; ;;y = H; Hp is the super channel matrix. The second
is the effective noise of the system and, similar to the downlink
channel, it can be written as

(38)

VIR Z i:F(” vy [k, kls[(i — b) mod T

blLlL1

K L—-1 Lo
Vg Z > D Fuuplk, lsgl(i — b) mod T}

q1b1L1L1

nfi+ 1. (40)

e, H
o 2
As it can be seen, the effective noise term in the uplink is very
similar to that of the downlink, except the difference of using
CMFE makes in AWGN noise and perfect knowledge of CSI
eliminates the IF term.

In order to determine the power of effective noise in the
uplink channel, we need to determine the power of AWGN
affected by CMFE, which is as the following

Ze z+l>

Var(zi[i]) = Var(



[i +1] i n’[i + l’]I:Iz/ek)

I'=0

L—1
IE( Z e{I:IlHn

LlLl

( ; ZZ eH, nfi + n"[i + z’]ﬁ,ek>
(jz:izlele nli ( [i +{n [2+l/])ﬁlrek>.

(41)

By the nature of AWGN, if [ # I, then E,,(; (n[i + {In”[i +
l’]) = 0prxpr. It will be equal to I, if I = I’. Keeping this
in mind, we can rewrite the power of the AWGN affected by
CMFE as

Var(zi[i]) = Var(

ZekHl Z+l)
L-1

1 . H A
= WEHZ < Z e{Hl Hl/ek)

=0
1 L—1
1/2 1/2
= 2B ( ; e/ D!/*H'AH,D,’ ek)

_ tr(A)

- MK’
Therefore, using the power of AWGN affected by CMFE
in (42) and the power of interference terms calculated in
[7] neglecting the IF term, one can obtain the power of the
effective noise in the uplink channel as

r(A? [ r
i) = (1= B o+

=0

(42)

Var(n (43)

where tr(A) =
this work.

Based on what is stated in [7], the power of the de-
o (6r(A%) Y005y dR (k] +
tr2(A) (1" di[k])?). Note that >,' dj[k] = 1. One can
obtain the achievable sum rate as

tr(A?) Y0 3 klps + tr2(A)py )
<A2><K ZL o K]y + M
(44)

M for the correlation patterns we consider in

K
Reum = 5 log, <1 +

B. Conventional Equalizers

Clearly, CMEFE is a special case of implementing equalizers
in the system. Using the general notation of Q,, to denote the
equalizer equation in the frequency domain, one can obtain
the received signal as

ylf1 = Qur(f], (45)

where r[f] = S le 2Tyl and y[f] =
S le 32mfi/Ty[i] are the Fourier transforms of the
unprocessed signal vector and the received signal vector,
respectively.

Selecting the equalizer scheme has been the subject of study
in MIMO channel as in [5]. Two well-known equalizers are
considered in this work:

e Zero-Forcing Equalizer (ZFE): As it was introduced
earlier as a precoder, ZFE can bring down the ISI to
zero. This equalizer is given by the following

ZFE ZFE H\—1
Q) " =ag (GVGV) G,, (46)
where aZF®” is the normalization factor, G, =
lL ! e—j2mvl/L G; is the Fourier transform of the com-

posite channel matrix, and G; = I:I{{ .

e Minimum Mean Square Error Equalizer (MMSEE): As it
is known in the downlink channel as RZFP, MMSEE is
able to maximize the power of received signal compared
to the noise and interference. This equalizer can be
obtained as

-1

QlII\JMSEE _ ag]MSEE (GZ,GZI,{ + BQIK> Gua (47)
where afM5F¥ is also a normalization factor and g €

R is a system parameter just like the one in RZFP, which
depends on the SNRs and the path losses of the users.
By inspecting the similarities in the definition of MMSEE
and RZFP, it can be concluded that MMSEE in the uplink
performs the same functionality as RZFP in the downlink.

Considering the inverse Fourier transform of the equalizer

matrix Q,,, = EN 01 gd2mvm/N Q,, (45) can be rewritten in
the time domain as
N-1L-1
i1=>"Y " Q,Hs[(i — I —m) mod T]
m=0 [=0

(48)

N-1
+ Z Q,.,n[i —m
m=0

Note that using an equalizer in the channel, the super CSI
matrix can be obtained by F(,, ;) = Qmﬂl. Similar to the
downlink channel, one can rewrite the vector of the received
signal using the desired signal and the effective noise terms

ykli] = grli] + ni 4], (49)

where g[i] is the desired signal at the k-th user and time ¢

L1
Kli] = Z F ik, klsili].
1=0

Note that the channel length is smaller than the frequency
range (i.e., N > L). One can obtain the effective noise of the
channel at the k-th user as the following

(50)

L-1 L3

> > Fomplk, Klsili — b
b=1-NI=L;

b£0

S S Bkl

q=1b=1-NI=L,
q#k
K N-1

22 Qulk

g=1m=0

Ingli —m], (51)
where it consists of ISI, MUI, and independent noise terms,
respectively, missing the IF term that exists in the downlink
channel.



C. Importance of Full CSI at the Base Station

Note that, since this is uplink transmission, the full CSI is
available at the base station. This enables expression of the
desired response gy [i] as in (39) in the case of CFME and as
(50) in the case of MMSEE and ZFE. If the full CSI were not
available, for example, as it would be in the case of downlink
transmission, gi[¢] for CMFE would have to be expressed as

arli] = ,/@(ZEE{F(U)[&/{]})%[@' mod T], (52)

instead of (38), resulting in an additional interference term

{F)
L—-1

> (F(z,z)[’% k] — E{F [k, k]}) sklil. (53)
1=0

in (40), and a similar condition would hold in the case of
MMSEE and ZFE in (50) and (51), as was the case in (5) and
(9). The IF interference represents the instantaneous wander
of F(; [k, k] around its mean. In general, it causes a large
degree of interference. Its absence in the uplink is a significant
advantage.

IV. CORRELATION PATTERNS

A recent paper discusses spatially correlated antennas for
massive MIMO systems in detail [8]. The paper’s main conclu-
sion is that the acquisition and utilization of spatial correlation
information will be very important in wireless systems of the
future, to take the spectral efficiency to the next level. This
paper provides a number of observations along this basic idea.
Recognizing the importance of this subject earlier, a number
of papers on the characterization of spatial correlation for
Massive MIMO systems and potential methods to exploit this
phenomenon have recently appeared [9]-[12].

As experimental evidence for spatial correlation, an S-
parameter-based formulation shows that when only two
monopoles are considered, the coefficient varies from 0.8
to about 0.2 when the antenna separation is about 0.05 to
0.2 times the wavelength [13]. A measurement study shows
that, depending on propagation conditions, spatial correlation
can remain significantly higher than 0.9 for a wide range of
antenna separation values [14]. A range of average a values
from 0.4 to 0.7 for antenna separations at approximately 0.25
to 0.5 wavelength was reported in [15].

In this section, two of the most well-known correlation
patterns, the exponential correlation pattern and the Bessel
function correlation pattern, are introduced and elaborated on.
Considering the structure of the two patterns, the correlation
matrix A will remain symmetric.

A. Exponential Correlation Model

We will consider a linear antenna array for this correlation
model. Assume antenna m; is in position 4% and antenna m; is
in position j. It is reasonable to expect, and is evidenced in
the literature, that the effect of these antennas on one another
should be related to |¢ — j| considering the dependency of
the channel to be among the antennas. A basic correlation
factor 0 < « < 1 is considered, which shows the effects of
antennas with respect to | — j| on each other, where « is

a real number. One can obtain a correlation matrix based on
this model in which the elements are [A]; ; = al*~71% where d
is the distance between the antennas, normalized with respect
to the wavelength and is considered uniform between antenna
elements. The matrix in this model is known as the exponential
correlation matrix. This model is commonly employed when
spatial correlation is considered for MIMO or spatial diversity
channels, see, e.g., [16], [17]. The correlation coefficient
increases as the separation between antennas decreases.

B. Bessel Correlation Model

Another correlation model in MIMO systems is introduced
in [18]. We refer to this model as the Bessel function correla-
tion model. The (4, j)-th element of the new correlation matrix
can be obtained by

Wy, )

Io(n) ’
where 0 < 1 < oo controls the width of the AOA, i € [—7, )
is the mean direction of the AOA, I is the zero-order modified
Bessel function, i = v/—1, and d; ; is the distance between i-
th and j-th antenna normalized with respect to the wavelength
[18]. We consider a linear array for the antenna elements at the
base station in this model as well. Therefore, we can denote
the distance between ¢-th and j-th antenna as

dij =i — jld,

Al;; = (54)

(55)

where d is the distance between adjacent antenna elements,
normalized with respect to the wavelength.

In the model in (54), i+ = 0 corresponds to the perpendicular
direction from the linear antenna array (broadside direction),
while ¢ = +7/2 correspond to the parallel direction to the
linear antenna array (end-fire or inline direction). Note that, for
all values of u, since Iy(x) is a uniformly increasing function
of z, [A]i,i =1, [A]W < [A}Lk for £k > j, and A will be
symmetric. Our focus with this model in this paper is on the
spatial multiplexing of closely spaced users positioned in the
same beam of the massive array.

The parameter 1 decreases the achievable rate of the system
dramatically by changing from O (isotropic scattering) to oo
(extremely non-isotropic). The isotropic scattering model, also
known as the Clarke’s model, corresponds to the uniform
distribution for the AOA [19], [20]. However, empirical mea-
surements have shown that the AOA distribution of waves
impinging on the user is more likely to be nonuniform [18]. It
is shown in [21] that values of 1 show a very large variation,
pointing out to the substantial change in the achievable rate
with this fact of propagation.

The distance properties for ULA are straightforward and are
discussed above. We will describe the extension of the distance

properties to UPA in Section V-B.
V. COMPUTATION RESULTS
For the purpose of computations, PDP is considered to
be exponential with L = 4 and d;[k] = =
{0,---,3}, where 0, = £=1 k= {1,--- | K'}. Note that the

23 —0p1
i=0 € k
5

achievable sum rate is invariant of the channel PDP. Hence,
any other PDP which satisfies (2) can also be considered.
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Fig. 1. Achievable sum rates of the three precoders in a downlink channel
under the exponential correlation pattern with correlation parameter o €
{0,0.7,0.9,0.99}. The number of antennas at the base station is M = 64,
the number of users is K = 10, the number of taps used in the computations
is L = 4, and the block length in the time domain is 7" = 100. The distance
between adjacent antenna elements is half the wavelength.

A. Uniform Linear Array (ULA)

We will first discuss the case of a ULA at the base station
(BS), see, e.g., [22, Fig. 1]. We will consider both a downlink
and an uplink channel. We assume that there are )M antennas
placed on a line, at a distance of d from one another. In
our simulations, we will assume that d is equal to half of
the wavelength of transmission. We will consider both the
exponential and the Bessel model with a set of values for «
in the exponential channel model and 7 in the Bessel channel
model. In the Bessel model, we will assume arrival from the
broadside ;1 = 0, as well as other angles, i.e., 7/4, 7/3, and
/2.

1) Downlink Channel: Exponential Correlation Pattern

Fig. 1 shows a comparison of the achievable sum rate in
a downlink channel, where the antenna elements are cor-
related with an exponential correlation pattern with o €
{0,0.7,0.9,0.99}. The parameters of the antenna array are
given in the figure caption. We observe that the sum rate
performance for the spatially uncorrelated channel o« = 0
is such that CMFP outperforms the other two encoders, as
expected. This changes for a = 0.7, however, and RZFP
performs better than CMFP for average power around -5 dB
and higher, while ZFP performs better than CMFP for average
power -2 dB and higher. As « increases, the amount with
which ZFP and RZFP outperform CMFP increases with an
advantage for RZFP in the range of power in Fig. 1. Observe
that as « increases from 0.7, the performance of RZFP and
ZFP is a significant multiple of that of CMFP at full power
in Fig. 1. We note that, in order to run the computations for
RZFP, we set the value for the system parameter Sy in the
manner to maximize the sum rate of the users. How to find
such optimal Sy is described in [2], [23].

2) Downlink Channel: Bessel Correlation Matrix

In a similar fashion, Fig. 2 shows a comparison of the
achievable sum rate in a downlink channel, where the antenna
elements are correlated with a Bessel correlation pattern with
n € {0,50,100,500} and p = 0. Recall that n = 0
corresponds to an isotropic arrival, while increasing 7 values
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Fig. 2. Achievable sum rates of the three precoders in a downlink chan-
nel under the Bessel correlation pattern with correlation parameters 7 €
{0, 50,100,500} and p = 0. System parameters are M = 64, K = 10,
L = 4, T = 100. The distance between adjacent antenna elements is half
the wavelength.
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Fig. 3. Achievable sum rates of the three precoders in a downlink chan-
nel under the Bessel correlation pattern with correlation parameters p €
{0,7/4,7/3,7/2} and n = 20. System parameters are M = 64, K = 10,
L = 4, T = 100. The distance between adjacent antenna elements is half
the wavelength.

correspond to increasing degrees of nonisotropic arrivals. The
parameters of the antenna array are the same as in Fig. 1 and
are also given in the figure caption. We observe that the sum
rate performance for the spatially uncorrelated channel n =0
is such that RZFP and ZFP outperform CMFP for power values
beyond 6 dB for a = 0, 0.7 and 0.9. As 7 increases, RZFP
outperforms CMFP beyond power levels of 0, 0, and 7 dB for
1 = 50, 100, and 500, respectively.

Fig. 3 shows the achievable rates for n = 20 and p €
{0,7/4, /3, 7/2}. Note that RZFP performs much better than
CMFP as p increases. Even the performance of ZFP becomes
better than CMFP for larger values of . Also, note that the
end-fire or inline direction corresponding to /2 has a nonzero
sum rate value because of the presence of nonzero correlation
among antenna elements.

We note that in Fig. 1-3, CMFP performs the best at low
power formulas. As a result, it can be recommended to switch
the precoder type based on long-term average power.

3) Uplink Channel: Exponential Correlation Pattern

Fig. 4 shows a comparison of the achievable sum rate in an
uplink channel, where the antenna elements are correlated with
an exponential correlation pattern with o € {0,0.7,0.9,0.99}.
In order to obtain B¢ to run the computations for MMSEE, we
used the same procedure to obtain By for RZFP, in the way
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Fig. 4. Achievable sum rates of the three equalizers in the uplink channel
under the exponential correlation pattern with correlation parameter o €
{0,0.7,0.9,0.99}. System parameters are M = 64, K = 10, L = 4,
T = 100, N = 20, T, = 20. The distance between adjacent antenna
elements is half the wavelength.

to maximize the users’ sum rate with respect to the received
SNR, see, i.e., [2] and [23]. In this figure, and in all figures
for the uplink channel, we take the cyclic prefix overhead into
account.

We now observe a very different behavior. The performance
of MMSEE is much better than CMFE for all values of «,
including o = 0 at high average power values. Note that the
gains with MMSEE at full power are a significant multiple of
those of CMFE. This is because of the fact that since BS has
access to CSI, it can force IF to be equal to zero, as described
in Section III-C. In addition, the performance of ZFE can also
be better than CMFE, although not as much as MMSEE.

4) Uplink Channel: Bessel Correlation Pattern

Fig. 5 shows the comparison of the achievable sum rate in
an uplink channel, where the antenna elements are correlated
with a Bessel correlation pattern with € {0, 50,100,500}
and ;4 = 0. We observe that the sum rate performance for
all values of n is such that MMSEE and ZFE outperform
CMEE at sufficiently large power. In this case, the performance
gain with MMSEE against CMFE is even larger than the
exponential channel in Fig. 4.

Fig. 6 shows the comparison of the achievable sum rate in
an uplink channel, where the antenna elements are correlated
with a Bessel correlation pattern with p € {0, 7/4,7/3,7/2}
and n = 20. Clearly, the performance of MMSEE is much
better than that of CMFE for large values of the average power,
where the crossover point is much less than all the other cases
we have investigated in this paper so far. The performance of
ZFE is better than CMFE, but it is not as significantly better
than CMFE as MMSEE is. Both for Fig. 5 and Fig. 6, the
improvement in performance with MMSEE at full power is
significant and, increasingly with (s, even a substantial multiple
of that of CMFE.

B. Uniform Planar Array (UPA)

We will now discuss the case of a UPA at the BS, see, e.g.,
[22, Fig. 2]. Our treatment of this topic will follow that of
Section V-A. We will consider both a downlink and an uplink
channel. We assume that there are a total of M antennas placed
on a rectangle, at horizontal and vertical distances of d, =
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Fig. 5. Achievable sum rates of the three equalizers in the uplink chan-
nel under the Bessel correlation pattern with correlation parameters 7 €
{0, 50,100,500} and p = 0. System parameters are M = 64, K = 10,
L =4,T =100, N = 20, T. = 20. The distance between adjacent antenna
elements is half the wavelength.
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Fig. 6. Achievable sum rates of the three equalizers in the uplink chan-
nel under the Bessel correlation pattern with correlation parameters p €
{0,7/4,7/3,7/2} and n = 20. System parameters are M = 64, K = 10,
L =4,T =100, N = 20, T. = 20. The distance between adjacent antenna
elements is half the wavelength.

d, = d. In our simulations, we will assume that d is equal to
half of the wavelength of transmission. As in Section V-A, we
will consider both the exponential and the Bessel correlation
model with a set of values for o in the exponential channel
model and 7 in the Bessel channel model. In the Bessel model,
we will assume arrival from the broadside p = 0, as well as
other angles, i.e., w/4, 7/3, and 7/2. Again, recall that n = 0
corresponds to an isotropic arrival, while increasing 7 values
correspond to increasing degrees of nonisotropic arrivals.

We assume that UPA is located in the z-z plane while the
user is located in the x-y plane. In a UPA, each antenna
element undergoes spatial correlation in both spatial dimen-
sions. Therefore, in a UPA, the effect of correlation will be
higher. As a result, it can be expected that the sum rate will
in general be lower as compared to a ULA. On the other
hand, the performance of RZFP and ZFP can be expected to
be better than CMFP, more than the case for ULA. Likewise,
the performance of MMSEE and ZFE can be expected to be
better than CMFE, again, more than the case for ULA.

The total number of antennas can be written as M =
M, x M, where M, and M, indicate the number of antennas
at each row and column, respectively. Clearly, the distance
matrix for each row of UPA has the same structure as that
for ULA. Hence, the distance matrix has the same linear
property (increasing linearly as the indices increase) for the
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Fig. 7. Achievable sum rates of the three precoders in a downlink channel
under the exponential correlation pattern with correlation parameter o €
{0,0.7,0.9,0.99}. The number of antennas at the base station is M = 8 X 8,
the number of users is K = 10, the number of taps used in the computations
is L = 4, and the block length in the time domain is 7" = 100. The distance
between adjacent antenna elements is half the wavelength.

antenna elements in the same row or column. For calculating
the distance between antenna elements, one only needs to
add an offset, indicating the difference between row indices
and column indices. Assume that the antenna elements m are
numbered starting at m = 0 with the element in the first row
and first column, and incrementing by 1 at each element for
the first row, and then starting at M, for the second row and
then incrementing by 1 at each element for the second row,
and continuing this way until the last row and last column is
reached which will have the value of M — 1. We define r,,,
as the position of antenna element m in rows of the structure
in terms of d. Therefore, r,, will be an integer running from
0 to M, — 1. The value of r,, is the closest integer less than
or equal to m/M,, i.e.,

(56)

In a similar manner, one can obtain the position of antenna
element m in columns as

Cm =m — Ty M,

(57)

where ¢, ranges from 0 to M, — 1. Considering the different
positioning of antenna elements, one can obtain a general
formula to calculate the distance between antenna element %
and antenna element j as

dq;j :d\/42+ |Ci —Cj‘Z

where ( = |r; — r;| working as the offset and d is the
normalized distance between adjacent antennas.

(58)

1) Downlink Channel: Exponential Correlation Pattern

Fig. 7 shows the sum rate performance in an exponential
channel with parameter o € {0,0.7,0.9,0.99}. The number
of antenna elements is the same as in the case of ULA,
M = 64. The antenna elements are assumed to be in an
8 x 8 configuration. Other parameters of the system are given
in the figure caption. A comparison with Fig. 1 shows that
the performance for a = 0 is about the same. On the other
hand, as expected, the performance degrades with «. For
example, at a long-term average power of 20 dB, with ULA,
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Fig. 8. Achievable sum rates of the three precoders in a downlink chan-
nel under the Bessel correlation pattern with correlation parameters 7 €
{0, 50, 100, 500} and g = 0. System parameters are M = 8 x 8, K = 10,
L = 4, T = 100. The distance between adjacent antenna elements is half
the wavelength.
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Fig. 9. Achievable sum rates of the three precoders in a downlink chan-
nel under the Bessel correlation pattern with correlation parameters p €
{0,7/4,7/3,7/2} and n = 20. System parameters are M = 8x8, K = 10,
L = 4, T = 100. The distance between adjacent antenna elements is half
the wavelength.

the sum rate with CMFP is approximately 6, 2.5, and 1 bpcu
at o = 0.7,0.9, and 0.99 (Fig. 1), whereas with UPA, this sum
rate drops to approximately 3, 1, and 0,8 bpcu for the same
values of o (Fig. 1). Fig. 7 shows that RZFP beats CMFP at
a long-term average power value of 20 dB by 6, 6.5, and 5.5
bpcu at « = 0.7,0.9, and 0.99. These values are at 3.5, 6, and
6 bpcu for ULA in Fig. 1.

2) Downlink Channel: Bessel Correlation Pattern

It was observed in Fig. 2 and Fig. 3 that, in the case of
ULA, the sum rate performance on the downlink for the Bessel
correlation pattern was such that RZFP and ZFP outperformed
CMFP for large values of average power. We observe that same
phenomenon, but in a more significant fashion in Fig. 8 and
Fig. 9. For example, in Fig. 8§, RZFP has about 2.5, 3, 3, and
2.5 bpcu better sum rate performance for n = 0, 50, 100, 500
and p = 0, respectively at a power level of 20 dB. These
values were much smaller, around 1 bpcu or less, in the case
of ULA in Fig. 2. In a similar fashion, we observe from Fig. 9
that RZFP is better than CMFP by about 1.5, 2, 4, and 4 dB
at u = 0,7/4,7/3 and /2 and n = 20 at a power level of
20 dB. Again, these values were smaller in the case of ULA.
Note that, on the other hand, the sum rate values achieved
after precoding are less in the case of UPA versus ULA. In
both cases, ZFP performance is better than CMFP but not as
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Fig. 10. Achievable sum rates of the three equalizers in the uplink channel
under the exponential correlation pattern with correlation parameter o €
{0,0.7,0.9,0.99}. System parameters are M = 8 x 8, K = 10, L = 4,
T = 100, N = 20, T, = 20. The distance between adjacent antenna
elements is half the wavelength.

good as RZFP. Fig 7-9 verify our original expectations that
the UPA performance will be lower than ULA due to higher
correlation, but the amount with which RZFP and ZFP beat
CMFP in the case of UPA will be higher than that of ULA.

3) Uplink Channel: Exponential Correlation Pattern

Fig. 10 shows the sum rate performance of UPA with
the exponential channel model on the uplink for o €
{0,0.7,0.9,0.99}. A comparison with Fig. 4 shows the per-
formance is about the same for & = 0. On the other hand,
for a« = 0.7,0.9, and 0.99, the behavior is similar to what
was observed in Fig. 4. Namely, the sum rate performance
degrades, but the gain by MMSEE over CMFE at sufficiently
high power increases. We also note that, as in Fig. 4, the
performance on the uplink for MMSEE is better than CMFE
even for a = 0.

4) Uplink Channel: Bessel Correlation Pattern

We observe that the behavior in Fig. 5-6 is repeated
in Fig. 11-12 in that the uplink channel has much better
performance for MMSEE against CFME at the full long-term
average power of 20 dB. In addition, with UPA, there is more
performance degradation in the case of CMFE, while the gains
by MMSEE against CMFE are higher. As stated earlier, the
reason for this is the elimination of the IF term in the uplink
at the BS, as discussed earlier in Section III-C. In Fig. 11, it
can be observed that the performance of MMSEE with UPA
is almost at the same level as the MMSEE performance with
ULA in Fig. 5.

C. ULA Performance Against the Number of BS Antennas

In concluding, we will provide the sum rate performance
against the number of antennas in the downlink in Fig.13 and
the uplink in Fig.14 for ULA and the exponential channel
model. We will restrict this comparison to the best precoder
and equalizer observed earlier, namely RZFP and MMSEE.
Today’s Massive MIMO systems typically employ M = 64
BS antennas. Conclusions derived for such Massive MIMO
systems earlier are valid, however, for larger values of M,
there are differences. Particularly, in the downlink, CMFP
can have better performance after a certain value of M.
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Fig. 11. Achievable sum rates of the three equalizers in the uplink
channel under the Bessel correlation pattern with correlation parameters
n € {0,50,100,500} and p = 0. System parameters are M = 8 X 8,
K =10, L = 4, T = 100, N = 20, T. = 20. The distance between
adjacent antenna elements is half the wavelength.
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Fig. 12. Achievable sum rates of the three equalizers in the uplink
channel under the Bessel correlation pattern with correlation parameters
u € {0,7/4,7/3,7/2} and n = 20. System parameters are M = 8 X 8,
K =10, L = 4, T = 100, N = 20, T. = 20. The distance between
adjacent antenna elements is half the wavelength.

On the other hand, for the uplink, MMSEE keeps the best
performance by a large margin.

VI. CONCLUSION

As a result of the analysis and computations in this work,
one can say that the sum rate of a channel is highly dependent
on the nature of the channel. For uncorrelated downlink
channels, CMFP has optimal performance and it does perform
near the upper bound of the channel. However, the presence
of correlation among the antennas at the base station leads
to a decrease in the achievable sum rate for the users in the
system. Depending on the correlation model and the channel
SNR, it is possible to employ another precoder to improve the
sum rate performance for the downlink channel. In particular,
RZFP and ZFP can outperform CMFP as far as the downlink
channel is concerned.

Looking at the uplink results, one concludes that using
MMSEE (which is equivalent of RZFP) and RZE (equivalent
to ZFP) can improve the data rate in the channel. In addition,
MMSEE is less sensitive to the correlation patterns considered
in this paper.

As M increases, it is observed that MMSEE keeps the best
performance on the uplink but CMFP can be better for a large
M on the downlink.

Depending on long-term average power, a mechanism to
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Fig. 13. Achievable sum rates in the downlink channel under the exponential
correlation pattern. System parameters other than M are the same as earlier
results for this channel.
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Fig. 14. Achievable sum rates in the uplink channel under the exponential
correlation pattern. System parameters other than M are the same as earlier
results for this channel.

switch the precoder or the equalizer to CMFP or CMFE, will
be a judicious action.

The uplink channel is different than the downlink channel
due to the presence of CSI. The BS takes advantage of this
fact and performs well in the uplink, significantly better than
the downlink, even in the face of correlation. For UPA, due to
a higher level of spatial correlations in the channel, sum rate
performance degrades, but the gain with which RZFP and ZFP
outperform CMFP as well as MMSEE and ZFE outperform
CMEE increases, as can be expected.

APPENDIX

Let Fii_p[k,q 2 d)* [k (k] Aby_y[qld)/}[q] and T 2
Tiv bk, q) = E{(F @1-p) [k, q]) (F @ 1—p)[k, q])*}. Then,

k=ql=1b=0= T=(tr(A?) +tr*(A))d?[k], (59)
k=ql=0b#0 = T = tr(A*)d[k]d;_p[K], (60)
k=ql#1U',b=0 = T = tr*(A)d[k]dy k], (61)
k=ql#1b#0= T =0, (62)
kE#ql=1b=0= T=tr(A*d[k]d][q], (63)
k#ql=1b#0 = T =tr(A%)d[k]di_s[q], (64)

k#ql#1l = T=0. (65)

REFERENCES

[11 A. Pitarokoilis, S. K. Mohammed, and E. G. Larsson, “On the optimality
of single-carrier transmission in large-scale antenna systems,” [EEE
Wireless Commun. Lett., vol. 1, pp. 276-279, Aug 2012.

[4]

[5]
[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

C. Mellon, E. G. Larsson, and T. Eriksson, “Waveforms for the massive
MIMO downlink: Amplifier efficiency, distortion and performance,”
IEEE Trans. Commun., vol. 64, pp. 5050-5063, Dec 2016.

F. Rusek, D. Perrsson, B. K. Lau, E. G. Larsson, T. L. Marzetta,
O. Edfors, and F. Tufvesson, “Scaling up MIMO: Opportunities and
challenges with very large arrays,” IEEE Signal Process. Mag., vol. 30,
pp. 40-60, Jan 2013.

E. G. Larsson, O. Edfors, F. Tufvesson, and T. L. Marzetta, “Massive
MIMO for next generation wireless systems,” IEEE Commun. Mag.,
vol. 52, pp. 186-195, Feb 2014.

A. H. Mehana and A. Nosratinia, “Diversity of MIMO linear precoding,”
IEEE Trans. Inf. Theory, vol. 60, pp. 1019-1038, Feb 2014.

P. Yang, Y. Xiao, Y. L. Guan, K. V. S. Hari, A. Chockalingam,
S. Sugiura, H. Haas, M. D. Renzo, C. Masouros, Z. Liu, L. Xiao,
S. Li, and L. Hanzo, “Single-carrier SM-MIMO: A promising design
for broadband large-scale antenna systems,” IEEE Commun. Surveys &
Tutorials, vol. 18, pp. 1687-1716, Feb 2016.

N. Beigiparast, G. M. Guvensen, and E. Ayanoglu, “The effect of
antenna correlation in single-carrier massive MIMO transmission,” in
IEEE 87th Vehicular Technology Conference — Spring, Jun. 2018, pp.
1-7.

L. Sanguinetti, E. Bjornson, and J. Hoydis, “Towards massive
mimo 2.0: Understanding spatial correlation, interference suppres-
sion, and pilot contamination,” arXiv:1904.03406v2 [Online]. Available:
https://arxiv.org/pdf/1904.03406.pdf, May 2019.

Q. Nadeem, A. Kammoun, M. Debbah, and M. Alouini, “Spatial
correlation characterization of a full dimension Massive MIMO system,”
in 2016 IEEE Global Communications Conference (GLOBECOM), Dec.
2016, pp. 1-7.

A. Adhikary and A. Ashikhmin, “Uplink massive MIMO for chan-
nels with spatial correlation,” arXiv:1807.04473 [Online]. Available:
https://arxiv.org/pdf/1807.04473.pdf, Jul. 2018.

Q. Ding and Y. Lian, “Performance analysis of Mixed-ADC Massive
MIMO systems over spatially correlated channels,” IEEE Access, vol. 7,
pp. 6842-6852, 2019.

Z. Dong, J. Zhang, and H. Chen, “Average SEP-Optimal precoding for
correlated Massive MIMO with ZF detection: An asymptotic analysis,”
IEEE Trans. Commun., vol. 67, no. 4, pp. 2807-2821, Apr. 2019.

X. Wang, H. D. Nguyen, and H. T. Hui, “Correlation coefficient
expression by S-parameters for two omni-directional MIMO antennas,”
in [EEE Int. Symp. Antennas Propag. (APSURSI), Spokane, WA, 2011,
Jul 2011, pp. 301-304.

A. Intarapanich, P. L. Kafle, R. Davies, A. Sesay, and J. McRory, “Spatial
correlation measurements for broadband MIMO wireless channels,” in
Proc. IEEE 60th Vehicular Technology Conference, (VTC2004-Fall),
vol. 1, Sept 2004, pp. 52-56.

M. K. Samimi, S. Sun, and T. S. Rappaport, “MIMO channel modeling
and capacity analysis for 5G millimeter-wave wireless systems,” in
10th European Conference on Antennas and Propagation (EuCAP), Apr
2016.

V. A. Aalo, “Performance of maximal-ratio diversity systems in a cor-
related Nakagami-fading environment,” IEEE Trans. Commun., vol. 43,
pp- 2360-2369, Aug 1995.

E. Bjornson, E. Jorswieck, and B. Ottersten, “Impact of spatial corre-
lation and precoding design in OSTBC MIMO systems,” IEEE Trans.
Inf. Theory, vol. 9, pp. 3578-3589, Nov 2011.

A. Abdi and M. Kaveh, “A space-time correlation model for multiele-
ment antenna systems in mobile fading channels,” IEEE J. Sel. Areas
Commun., vol. 20, pp. 550-560, Apr 2002.

R. H. Clarke, “A statistical theory of mobile radio reception,” Bell Syst.
Tech. J., vol. 47, no. 6, pp. 9571000, Jul./Aug. 1968.

W. C. Jakes, Jr., Microwave Mobile Communications. New York: Wiley,
1974.

A. Abdi, J. A. Barger, and M. Kaveh, “A parametric model for the
distribution of the angle of arrival and the associated correlation function
and power spectrum at the mobile station,” IEEE Transactions on
Vehicular Technology, vol. 51, pp. 425-434, May 2002.

X. Wu, N. C. Beaulieu, and D. Liu, “On favorable propagation in
Massive MIMO systems and different antenna configurations,” IEEE
Access, vol. 5, pp. 5578-5593, May 2017.

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, pp. 3352-3366, Jan 2015.



